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The  pr^>aration  and  use  of  solid  strong  acid  catalysts  and 
st^jeracids  are  active  areas  of  r-esearch.  Solid  acicte  and  si^jeracids 
are  r^xjrted  to  eidiibit  extremely  hi^  catalytic  activities  for 
reactions  such  as  iscmerization,  cracking,  hydrocracking, 
dehydration,  alkylation,  acylation,  conversion  of  methanol  to 
gasoline,  and  so  forth.  Recent  research  in  this  area  has  focused  on 
the  pr^aration  of  stronger  solid  acids  and  their  characterization. 
Advantages  of  solid  acid  catalysts  over  liqiiid  acid  catalysts 
include  ease  of  s^aration  fran  reaction  mixture  and  high 
selectivity  or  specific  activity. 

A  series  of  novel  solid  strong  acids  has  been  prepared  by 
treatment  of  inorganic  oxides  by  Lewis  acids.  The  method  of 
creating  or  enhancing  the  number  of  tetrahedral  aluminum  centers  on 
inorganic  oxides  has  led  to  a  series  of  novel  solid  acid  catalysts 
viiich  displays  an  increased  acidity  over  the  si^ports  alone. 
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CHAPTER  I 
INTRDDUCnai 


Sinc3e  the  introduction  of  amorphous  silica-alumina  solid  acids 
over  40  years  ago,  catalytic  cracking  has  become  one  of  the  world ^s 
most  inportant  processes  for  the  refining  of  petroleum.  [1]  Ihe 
popularity  of  the  catalytic  cracking  process  results  from  its 
flexibility  in  treating  a  variety  of  feedstocks  used  in  refinery 
processes.  [1-3]  Teirperatures  of  450-550 °C  and  pressures  of  1-2  atra 
are  typical  reaction  conditions.  [2]  Amorphous  silica-aliminas  and 
zeolites  are  the  most  ocmmon  catalysts  used  and  recent  trends  in 
catalytic  cracking  research  are  aimed  at  enhancing  the  acidity  of 
these  catcilysts.  [4] 

The  pr^iaration  and  use  of  strong  solid  acids  and  superacids  as 
catalysts  are  active  areas  of  research. [4,5]  Ihese  materials 
ejdiibit  extreamely  hi^  catalytic  activity  for  reactions  such  as 
iscroerizaticxi,  cracking,  hydrocracking,  dehydration,  alky lat ion, 
acylaticai,  conversicai  of  methanol  to  gasoline,  and  so  forth.  [4,5] 
Advantages  of  solid  acid  catalysts  over  liquid  acid  catalysts 
include  ease  of  s^>aration  from  reaction  mixture  and  hi^ 
selectivity  or  specific  activity. [4] 

In  view  of  the  hi^er  activity  of  tetrahedral  aluminum  Lewis 
acids  than  octahedral  Lewis  acids,  we  are  interested  in  preparing 
solids  containing  stable  tetrahedrcil  aluminum  sites.  As  a  result 
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2 

of  this  research  a  new  solid,  strong  acid  catalyst  system  is 
r^xjrted  v*iich  ejdiibits  high  catalytic  activity  and  selectivity  for 
cat£ilytic  cracking  reactions  iinder  relatively  mild  conditions.  In 
the  following  ch^Jters  the  synthesis,  characterization,  and 
catalytic  activity  for  these  new  solid  acid  catalyst  systems  are 
r^xDrted. 

Ihe  synthesis,  characterizatiOTi,  and  catalytic  activity  of 
these  catalysts  for  the  catalytic  cracking  of  hydrocarbons  is 
discussed  in  Ch^jter  II.  Ihe  synthesis  and  catalytic  activity  of 
various  solid  acid  catalysts  doped  with  metals  is  discussed  in 
Chapter  III.  In  addition  to  cracking,  the  dehydrochlorination  and 
hydrodechlorination  of  various  polychlorinated  hydrocarbons  is 
r^xjrted. 


CHAPTER  II 
REACnOI  OF  HYERDCARBOJS 


2.1  BACK3RC3UND 


Since  the  introductiCTi  of  acid-treated  clays  and  amorjiious 
silica-cilijmina  solid  acids  as  cracking  catalysts  in  the  late  1930s, 
catalytic  cracking  has  beccne  the  most  irrportant  process  for  the 
refining  of  crude  petroleum  in  the  world.  [1-3]  In  1985  the 
petroleum  industry  boui^t  370  million  lbs  of  catalytic  cracking 
catcilysts  at  a  cost  of  250  million  dollars.  The  projected  use  of 
catalytic  cracking  catalysts  in  1990  is  expected  to  increase  to  405 
million  Its  vAiich  is  worth  275  million  dollars.  [6]  Because  of  the 
large  volumes  of  solid  acid  cracking  catalysts  used  and  the 
iirportance  of  the  petroleum  refining  process,  a  large  amount  of 
research  has  been  conducted  in  the  area  of  solid  acid  and  superacid 
catalysis . [ 1-6 ] 

Currently,  the  preparation  and  use  of  strong  acid  catalysts  and 
si;peracids  are  active  areas  of  research.  These  materials  ejdiibit 
extreanaely  hi^  catalytic  activity  for  reactions  such  as 
iscmerization,  cracking,  hydrocracking,  dehydration,  alkylation, 
acylation,  ccawersion  of  methanol  to  gasoline,  and  so  forth.  [5] 
Because  of  the  r^xarted  advantages  of  solid  acid  catalysts [4], 
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recent  research  has  focused  on  the  pr^jaraticai  and 
characterizaticai[2,4,5]  of  stronger  solid  acids. 

Many  atteirpts  have  been  made  to  use  metal  halides  as 
hanogeneous  acid  catalysts  and  one  of  the  most  frequently  studied 
inorganic  Lewis  acid  metal  halides  is  aluminum  chloride.  Aluminum 
chloride  was  even  tested  conmercially  but  was  abandoned  because  of 
technical  difficulties  such  as  corrosiCTi,  s^>aration  of  phases, 
difficulty  in  the  recovery  of  the  catalyst  and  the  formation  of  hi^ 
molecular  wei^t  hydrocarbons.  [2,3]  As  a  result  recent  researxii  has 
focused  on  the  anchoring  of  hcsnogeneous  acid  catalysts  onto 
inorganic  oxides  for  use  as  solid  acid  catalysts. [2-7] 

Many  patents  have  been  issued  for  the  treatment  of  inorganic 
oxides  with  aluminum  chloride.  [8-15]  Ihe  most  ccmmon  method  of 
treating  hydroxy lated  inorganic  oxides  with  eiluminum  chloride  is  by 
vapor  d^XDsition.  [4,8-14]  The  vapor  d^xsition  is  conducted  by 
passing  the  vapors  of  aluminum  chloride  throu^  the  inorganic  oxide 
using  a  carrier  gas  such  as  helium[7,9,10,12,14]  or  sublimation  of 
the  alimiinum  chloride  from  a  mixture  of  the  inorganic  oxide  and 
aluminum  chloride.  [11,14]  An  alternative  to  the  vapor  deposition  of 
the  aluminum  chloride  is  the  reaction  of  aluminum  chloride  and  the 
inorganic  oxide  in  a  chlorinated  or  hydrocarbon  solvent.  [8] 

Past  atteirpts[8]  conducted  on  this  reaction  have  eitployed 
solvents  other  than  carbon  tetrachloride  (OCI4) .  It  has  been 
determined  that  chloroform  (CHCI3) ,  methylene  chloride  (CH2CI2) , 
ethylene  dichloride  (CICH2CH2CI)  ^rxi  saturated  hydrocarbons  (to  name 
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a  few)  do  not  produce  a  solid  acid  catalyst  with  the  prx^jerties 
descriJDed  for  the  reaction  enploying  CCl4.[15] 

In  each  of  these  cases  (exc^jt  OCI4)  aluminum  chloride  is 
evolved  from  the  catalyst  surface  with  time  and  only  short  term 
activity  results.  [4,8-14]  This  is  in  contrast  to  v^iat  has  been 
fcxmd  for  the  inorganic  oxides  treated  with  alviminum  chloride  in 
OCI4  by  the  procedure  r^xarted  here.  [15] 

Since  it  is  kncwn  that  the  catalytic  prc^jerties  of  these 
amorphcus  silica-alumina  catalysts  arises  from  the  acidity [1-3]  many 
methods  have  been  developed  to  characterize  the  acidity  of  these 
catalysts. [1-3,16-25]  Using  changes  in  the  infrared  spectra  of 
adsorbed  basic  molecules  on  solid  acids  to  determine  the  nature  and 
strength  of  the  acid  sites  present  has  been  practiced 
extensively.  [16-27]  Scnte  of  the  early  work  in  this  area  was 
performed  by  E.  Parry  in  the  early  1960^s.  [16]  In  this  method, 
pyridine  is  allowed  to  interact  with  the  solid  acid  surface  and 
changes  in  the  infrared  adsorptions  in  the  1400  cm"^  to  1700  cm~^ 
region  for  pyridine  are  measured.  When  pyridine  is  adsorbed  on  an 
acid  site  v^ch  has  protonic  character,  infrared  adsorptions 
indicative  of  pyridinium  ion  are  observed  at  1485-1500  cm~^,  1540 
cm~l,  -1620  C3n-1  and  -1640  cm"l.  [16-18]  "Ihe  infrared  band  at  1540 
an~^  involves  the  A^  bending  mode  for  pyridinium  ion  including  the 
C-N-C  as  well  as  the  N^-H  bending  motion.  [21-24]  Since  the  1540  cm" 
^  band  is  not  present  for  pyridine  bound  to  other  Lewis  acid  sites, 
it  is  used  alcxig  with  the  other  bands  to  characterize  protonic 
(Bronsted)  sites. [16]  When  pyridine  is  adsorbed  on  a  non-protonic 


(Lewis)  acid  the  infrared  adsorptions  indicative  of  coordinately 
bcund  pyridine  are  ctoserved  at  1447-1460  cm"^,  1488-1503  cm~^,  -1580 
am~l  and  1600-1635  can~^.  [21-24]  Ihe  infrared  band  in  the  1447-1460 
an"^  region  involves  the  A^  bending  mode,  C-N-C,  and  is  used  to 
characterize  ooordinatively  bonded  pyridine.  Figure  2-1,  As  the 
Lewis  acid  strength  of  the  acid  site  increases  the  band  is 
r^)orted[16]  to  shift  to  hi^er  frequencies. 

Extensive  research  has  been  conducted  on  the  vibrational 
^jectra  of  benzene  and  pyridine.  The  assignments  of  the  frequencies 
have  been  r^»rted  in  the  literature.  [27,28] 

Ihe  use  of  solid-state  Magic-Angle-Spinning  (MAS)  NMR 
^Jectroscopy  as  a  spectroscopic  tool  to  characterize  heterogeneous 
catalysts  has  bee  widely  documented.  [29-33]  A  large  amount  of  work 
has  focused  on  the  ^7^1  and  ^^si  solid-state  MAS  NMR  spectra  of 
silica-aluminas,  aluminosilicates  and  zeolites. [29]  By  the  use  of 
2"7a1  and  ^^si  MAS  NMR  spectrosccpy  it  has  been  shown  that  4- 
coordinate  and  6-coordinate  aluminum  ejdiibit  different  chemical 
shifts  with  large  enough  s^aration  that  they  can  be  distinguished 
even  if  they  coexist  in  the  same  sairple.  [29,30] 

It  has  been  generally  acc^ted  that  4-coordinate  alxjminum,  such 
as  that  in  zeolites,  has  a  chemical  shift  in  the  50-65  ppm  region 
relative  to  an  Al^"'"(aq)  standard.  [30]  A  chemical  shift  of  58  ppm 
relative  to  a  Al^''"(aq)  standard  has  been  observed  for  zeolitic 
aluminum  centers  generated  by  the  reaction  of  aluminum  chloride  with 
ZSM-5  zeolite  by  vapor  phase  d^xDsition.  [33]  Ihe  chemical  shift  for 


8q 


/9b 


Figure  2-1.  Ihe  A^  Bending  Modes  for  Pyridine. 
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framework  Al  in  gainma-Al203  has  been  r^xDrted  to  cxxur  at  50  ppm 
relative  to  an  Al^'^Caq)  standard.  [33]  The  27^1  nmr  of  an  aqueous 
A1(N03)3  soluticxi  is  the  reference  for  all  our  ^7^1  mas  NMR  work. 
Since  the  reference  is  a  6-coordinate  octahedral  ccarplex,  a  peak 
between  50  and  100  ppm  down  field  from  Al^+Caq)  would  be  expected  if 
the  ciluminum  chloride  has  retained  its  tetrahedral  geometry.  The 
chemical  shift  for  alvmiinum  chlorohydrate  is  r^x3rted[31]  to  be  62.8 
ppm  versus  Al-^''"(aq)  vdiich  would  be  near  the  peak  ejqsected  for  a 
surface-bound  chloroaluminum  species  formed  by  the  reaction  of 
aluminum  chloride  and  a  hydroxylated  inorganic  oxide, [8-14]  Equation 
2-1. 
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The  cJiemical  shift  for  AI2CI6  in  solution  has  been  reported  to  occur 
at  91-105  ppm  and  the  chemical  shift  for  AlCl4~  has  been  reported  to 
occur  at  100-110  ppm  d^jending  on  the  solvent. [32] 

When  aluminum  chloride  reacts  with  an  inorganic  oxide  (such  as 
silica  gel) ,  tetrahedral  aluminum  centers  are  formed  on  the  oxide 
surface. [8-14,34]  Ihese  tetrahedral  aluminum  centers  should  have 
prcperties  similar  to  free  aluminum  chloride  and  hence  should  have 


similar  catalytic  activity.  It  can  be  determined  using  solid-state 
MAS  NMR  if  the  aluminum  chloride  that  is  reacted  with  an  inorganic 
oxide  has  retained  its  tetrahedral  conformation.  Furthermore,  the 
2'7a1  chemiccd  shifts  for  AI2CI6  and  AlCl4~  are  much  hi^er  than  for 
the  oxychloroaluminum  ^secies.  It  should  be  easy  to  distinguish  the 
Al2Clg  and  AlCl4~  species  frcro  surface  bound  oxyaluminum  species  by 
^^Al  MAS  NMR. 

Ihe  following  chapter  is  concerned  with  the  preparation  of 
aluminum  chloride  treated  inorganic  oxides  by  a  previously 
unr^jorted  method.  [15]  Ihe  characterization  by  Infrared  and  NMR 
^jectroscopy  as  well  as  an  in  d^jth  study  of  the  catalytic  activity 
of  the  ciluminum  chloride  treated  si^jports  is  discussed  to  support 
the  claim  that  a  new  solid,  strong  acid  has  been  discovered  with 
this  new  method  of  pr^)aration. 

2.2  EXPERIMEM!AL 

Reagents 

All  metal  halides  were  used  as  purchased  unless  otherwise 
stated.  Ihe  palladium  (II)  chloride  (MCI2)  and  rhodium  (II) 
chloride  (RhCl3)  were  purchased  from  Aldrich  Chemical  Conpany 
(Aldrich) .  Aluminum  chloride  (AI2CI6)  with  a  purity  of  99.997%  was 
purchased  frcro  Alfa  Products.  Ihe  iron  (III)  chloride  (FeCl3)  and 
antimony  (V)  chloride  (SbCls)  were  purchased  fron  AESAR.  All 
solvents  were  purchased  from  Fisher  Scientific  Co.  (Fisher)  except 
tetrachloroethylene  which  was  purchased  from  Eastman  Kodak  Co. 
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(Kodak) ,  n-dodecane  and  n-hexadecane  v*iich  were  purchased  from  Alfa 
Products.  Carbcxi  tetrachloride,  chloroform  and  methylene  chloride 
were  dried  over  phosphorous  (V)  oxide  (Fisher) .  Benzene  was  dried 
by  distillation  over  calcium  hydride.  Cyclohexane  and  chloroform 
(containing  ethanol  as  a  stabilizer)  were  purified  by  passage 
thrcu^  an  activated  alumina  column.  Tetrachloroethane,  n-pentane, 
n-*exane,  n-^i^jtane,  n-dodecane,  n-hexadecane  and  cumene  were  used 
as  purchased.  Gold  label  (99+%)  pyridine  was  purchased  from  Aldrich 
and  was  used  without  further  purification.  All  solvents  were  stored 
over  4A  molecular  sieves  (Davison  Chemical) .  The  gaseous  reactants 
methane,  dimethyl  ether,  prxpylene,  propane,  iscbutane,  technical 
grade  hydrogen  chloride  (99.0%),  and  C.P.  Grade  carbon  monoxide 
(99.5%)  were  purchased  from  Matheson.  I^^drogen,  helium,  argon  and 
nitrogen  were  si^jplies  by  Airco  and  Liquid  Air.  The  semiconductor- 
grade  hydrogen  chloride  (99.995%)  was  purchased  from  Air  Products. 
The  si:?:ports  used  for  the  pr^saration  of  the  catalysts  are  silicon 
dioxide  (Si02) ,  alumina  (AI2O3) ,  hi^-silica  zeolite  (silicalite) , 
Y-zeolite  (I£-Y82) ,  boron  oxide  (B2O3) ,  titanium  dioxide  (Ti02)  and 
magnesium  oxide  (Vi^) .  All  si^port  materials  were  used  as  purchased 
unless  otherwise  stated.  For  the  silicon  dioxide  si^ports  the 
primary  material  was  Davison  Grade  #62  silicon  dioxide  (donated  by 
W.R.  Grace  Co.)  with  a  surface  area  of  340  m^/gram,  pore  volume  of 
1.1  an^/gram  and  a  mess  size  of  60-200.  [35]  The  three  types  of 
silioxi  dioxide  si^port  materials  used  for  surface  area  dependence 
studies  were  purchased  from  AESAR.  All  three  si^^ports  are  60-325 
mesh  size  with  surface  areas  of  215  m^/gram,  420  m^/gram,  690 
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n»2/grain  and  pore  volumes  of  1.0  cit?/gram,   0.8  canVgram  and  0.4 
anVgram,  re^jectively.  Ihe  alumina  support,  acid  axckman  Activity 
I  (80-120  mesh) ,  had  a  surface  area  of  180  in^/gram.  [35]  A  high- 
silica  zeolite  which  was  donated  by  Unicxi  Carbide  had  a  surface  area 
of  400  m^/gram  and  a  pore  volume  of  0.19  cmVgram.  The  Y-zeolite 
was  a  Linde  I2-Y82  molecular  sieve  purchased  from  Alfa  Products  and 
is  used  conmercially  as  a  fluid  catcilytic  cracking  (FCC)  catalyst. 
The  borcxi  oxide  was  purchased  from  AESAR  and  had  a  mesh  size  of  60. 
Bayer  AG  donated  the  hydroxylated  titanium  dioxide  (surface  area  200 
rcr/gram)   and  the  magnesiiim  oxide  was  purchased  from  Fisher.  5,5- 
dimethyl-l-pyrroline-l-oxide  (CMPO)  v*iich  is  a  diamagnetic  spin 
trapping  agent  was  purchased  from  Aldrich.  Other  reactants  vised  for 
cracking  reactions  were  activated  carbon  (Curtin,  MCB)  and  resid 
(FHC-353  donated  by  Amoco)  v*u.ch  is  a  mixture  of  hi<^  molecular 
wei^t  hydrocarbons  ctotained  from  the  distillation  of  heavy  crude 
oil.  Ifoncmers  used  for  polymerization  reactions  were  isobutane 
(Matheson) ,  styrene  (Fisher) ,  methyl  methacrylate  (Fisher) , 
methacrylate  (Fisher) ,  vinyl  acetate  (Aldrich) ,  ethyl  vinyl  ether 
(Aldrich)  and  ^idhlorchydrin  (Kodak) .  Purification  of  monomers 
were  conducted  by  literature  methods. 

Instrumentation 

All  air  and  water  sensitive  manipulations  were  performed  in  a 
Vacuum  Atmosphere  Ccnpany  model  HE-43-2  inert  atmosphere  box  or  in 
an  Aldrich  inert  atmosfiiere  glove  bag.  All  syntheses  were  conducted 
under  a  nitrogen  or  argon  atmosfiiere  and  one  atmosjAiere  pressure. 
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Routine  GC  analysis  for  hydrocarijon  products  were  performed  on  a 
model  940  FID  Varian  gas  chronatograph  equipped  with  a  Hewlett- 
Packard  3390A  integrator  and  a  1/8  inch  by  8  foot  stainless  steel 
Por^)ak  Q  (100-120  mesh)  column  or  a  1/8  inch  by  6  foot  stainless 
steel  Hayes^  Q  (80-100  mesh)  column.  Routine  GC  analysis  for 
c±aorinated  hydrocarbons  were  performed  on  a  model  3700  TCD  Varian 
gas  chrcjnatogr^ii  equipped  with  a  Hewlett-Packard  3390A  integrator 
and  a  1/8  inch  by  8  foot  Porapak  Q  (100-120  mesh)  column.  The  GC 
FTIR  was  performed  on  a  Nicolet  5DXB  FTIR  spectrcsneter  equipped  with 
a  Nioolet  GC  interface  and  a  Hewlett-Packard  5890A  gas  chromatograph 
using  a  1.5  micron  thick  DB  13Qm  fused  silica  capillary  column  that 
was  30  meters  in  length.  EFR  spectra  were  cbtained  from  a  Bruker 
ER200D-SRC  spectroneter  equijped  with  a  variable  tenperature  unit, 
ER  022  signal  channel  controller,  ER  001  time  base  controller,  ER 
031M  field  controller,  ER  082  power  si:?ply  and  ER  040XR  microwave 
bridge.  GC  mass  spectrcroetry  was  performed  by  Dr.  Roy  King  of  the 
Microanalytical  Laboratory,  University  of  Florida,  Gainesville, 
Florida.  Gas  saitples  were  analyzed  on  a  AEI  MS  30  mass  spectrometer 
with  a  KDITOS  DS55  data  station.  Ihe  system  was  connected  to  a  PYE 
IMicam  104  gas  chronatografii  equipped  with  a  1/4  inch  by  5  foot 
glass  Porapak  Q  (100-120  mesh)  column.  Solid-state  magic  angle 
spinning  (MAS)  nuclear  magnetic  resonance  spectra  were  collected  by 
Dr.  W.  S.  Brey  of  the  University  of  Florida,  Gainesville,  Florida, 
cai  a  Nioolet  Nr-300  300  irlHz  wide-bore  si^jerconducting  FT-NMR 
spectrcmeter.  Infrared  spectra  were  obtained  as  molls  on  a  nicolet 
5DXB  FT-IR  spectroneter  using  KBr  plates.  All  solid-liquid  phase 
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cxacking  reactions  and  polymerizations  were  carried  out  in  250  itiL  or 
500  mL  Parr  pressure  bottles  equif^jed  with  a  brass  or  stainless 
steel  swagelok  pressure  heads  and  neoprene  steppers.  [36] 

Fixed  Bed  Flnw  -Rfv^r&nr 

A  fixed-bed  flew  reactor  was  constructed  as  described  by  Keith 
Vfeiss  and  r^xjrted  in  his  Fh.D.  Dissertaticai.  [35]  Ihe  reactor  was 
modified  by  placing  a  hydrocarbon  bul±)ler  after  the  reactant  gas 
bubblers  and  before  the  catalyst  zone  to  allow  the  addition  of  a 
hydrocarbcai  substrate.  The  modified  reactor  allowed  the 
ea^jerio^enter  to  saturate  the  reactant  and  carrier  gases  with  any 
liquid  hydrocarbon  substrate  that  has  an  appreciable  vapor  pressure. 
The  flew  rates  of  the  individual  gases  were  controlled  by  teflon 
needle  valves.  Hydrogen  and  helium  were  passed  throuf^  mineral  oil 
bubblers  v*iereas  the  HCl  was  bul±)led  throu^  sulfuric  acid.  The 
gases  were  allcwed  to  mix  and  pass  throu^  bul±)ler  vMch  contained  a 
hydrocarboiVcarbon  tetrachloride  mixture.  Ihis  gas  mixture  was  then 
allcwed  to  flew  thrcu^  a  catalyst  v*iich  was  supported  on  a  glass 
frit.  "Hie  catalyst  zone  was  heated  by  a  Thermolyne  Briskheat 
flexible  electric  heat  tape  controlled  by  an  Omega  Engineering,  Inc. 
digital  temperature  controller,  model  CN  310  equipped  with  a  J-Type 
thermoccqple.  Pregas  and  post  gas  saitples  for  GC  analysis  could  be 
ciDtained  throu^  sample  ports  before  and  after  the  catalyst  zone. 
Overall  flew  rates  for  the  reactor  system  were  monitored  by  a 
calibrated  bubble  flew  meter.  Ihe  entire  reactor  was  constructed  of 
glass  and  was  custcm  built  by  glass  blowers  Rucfy  Schroschein  and 
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Dick  Moshier  at  the  glass  shop.  University  of  Florida,  Gainesville, 
Florida. 

This  reactor  was  further  modified  using  a  syringe  puiip  to 
deliver  liquid  reactants  to  the  catalyst  in  place  of  a  hydrocarton 
or  hydrocarbcaVcartoi  tetrachloride  bul±»ler.  [37]  A  preheater  zone 
was  added  to  the  system  to  ensure  prc^jer  mixing  and  heating  of  all 
reactants  before  they  were  contacted  with  the  catalyst.  Typically 
only  c»ie  gas  was  used  as  a  carrier  gas  and/or  reactant  gas.  The  gas 
flew  rate  was  regulated  by  a  calibrated  rotoflow  meter  purchased 
fron  GilmcaTt  Instruments,  Inc. 

Preparation  of  a  Silica  Gel  Catalyst  Doped  with  Aluminum  Chloride 
Using  Carton  Tetrachloride  as  a  Solvent 

In  a  250  mL  3-neck  round  bottcm  flask  equipped  with  a  reflux 
condenser  and  a  teflon  coated  magnetic  stir  bar  was  placed  10.20 
grams  of  silica  gel  (washed  with  IM  HCl  and  dried  under  vacuum  at 
80  °C  for  72  hrs)  and  150  mL  of  cartoon  tetrachloride  (dried  over  4  A 
sieves) .  After  purging  the  system  with  nitrogen  (N2) ,  5.10  grams  of 
anhydrous  aluminum  chloride  (AI2CI6)  was  added  and  the  mixture  was 
allcwed  to  stir  at  reflux  under  a  N2  atmosfiiere  for  1-5  days  in  the 
absence  of  li^t. 

After  approximately  1  hour  the  mixture  developed  a  purple 
color.  This  color  continued  to  increase  in  intensity  until  the 
mixture  was  black  in  appearance  (-8  hours) . 

After  5  days  the  reaction  mixture  was  filtered  under  an  N2 
atmo^jhere.  The  filtrate  was  colorless  and  the  resulting  solid 
product  c±)tained  was  burgundy  in  color  and  was  utilized  as  the 
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catalyst  material  for  the  cracking  experiments  described  later  in 
this  cii^jter.  The  catalyst  was  water-sensitive  and  turned  v*iite  on 
ejqxjsure  to  moisture. 

Ihe  catalyst  gave  an  EFR  signal  indicative  of  a  free-radical 
with  a  g  value  of  2.012,  Figure  2-2.  If  after  the  purple  color 
first  appears,  to  ^proximately  1  days,  the  mixture  is  filtered,  the 
catalyst  obtained  will  show  an  EPR  signal  vAiich  is  very  broad  and 
has  a  g  value  of  2.06,  Figure  2-3. 

Preparation  of  an  Alumina  Catalyst  Doped  with  Aluminum  Chloride 
Using  Carixo  Tetrachloride  as  a  Solvent 

In  a  250  mL  3-neck  round  bottom  flask  equifped  with  a  reflux 
condenser  and  a  teflon  coated  magnetic  stir  bar  was  placed  15.0 
grams  of  alumina  (dried  at  150 "C)  and  175  mL  of  carbon  tetrachloride 
(dried  over  4  A  sieves) .  After  purging  the  system  with  nitrogen 
(N2) ,  7.5  grams  of  anhydrous  aluminum  chloride  (AI2CI6)  was  added 
and  the  mixture  was  allowed  to  stir  at  reflux  under  a  N2  atmosphere 
for  2  days  in  the  absence  of  li^t. 

After  ^proximately  1  hour  the  mixture  developed  a  purple 
color.  This  color  continued  to  increase  in  intensity  until  the 
mixture  was  black  in  appearance. 

After  2  days  the  reaction  mixture  was  filtered  under  an  N2 
atmosphere.  Ihe  filtrate  had  a  sli(^t  red  color  and  the  resulting 
solid  product  obtained  was  purple  in  appearance. 

Ihe  catalyst  was  water-sensitive  and  turned  vdiite  on  exposure 
to  moisture.  Ihe  catalyst  gave  a  sharp  EFR  signal,  similar  to 
Figure  2-3,  indicative  of  a  free-radical  with  a  g  value  of  2.012. 
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Figure  2-2.  An  EFR  Spectrum  of  a  Heterogeneous  Acid  Catalyst 
Before  Oatplete  Reaction. 
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Figure  2-3.     An  EFR  Spectrum  of  a  Heterogeneous  Acid  Catalyst 
After  Ccnplete  Reacticai. 
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Preparation  of  a  Hicdi-Silica  Zeolite  Catalyst  Doped  with  Aluminum 
Chloride  Using  Carton  Tetrachloride  as  a  Solvent 

In  a  250  mL  3-neck  round  bottom  flask  equipped  with  a  reflux 
condenser  and  a  teflcxi  coated  magnetic  stir  bar  was  placed  10.0 
grains  of  zeolite  (dried  at  250  °C  under  vacuum)  and  150  mL  of  carbon 
tetrachloride  (dried  over  4  A  sieves) .  After  purging  the  system 
with  nitrogen  (N2) ,  5.0  grains  of  anhydrous  aluminum  chloride 
(AI2CI6)  was  added  and  the  mixture  was  allowed  to  stir  at  reflux 
under  a  N2  atmosphere  for  5  days  in  the  absence  of  light. 

After  ^proximately  1  hour  the  mixture  develcped  a  bri^t 
yellcw  color.  After  2  days  the  reaction  mixture  was  filtered  under 
an  N2  atmosphere.  The  filtrate  had  a  slight  yellow  color  and  the 
resulting  solid  product  obtained  was  bri^t  yellow  in  appearance. 

Ihe  catalyst  was  water-sensitive  and  turned  v*iite  on  exposure 
to  moisture.  The  catalyst  gave  a  sharp  EFR  signal,  similar  to 
Figure  2-3,  indicative  of  a  free-radical  with  a  g  value  of  2.012. 

Preparation  of  a  Y-Zeolite  Catalvst  Doped  with  Aluminum  Chloride 
Using  Cartoon  Tetrachloride  as  a  Solvent 

In  a  250  mL  3-neck  round  bottcm  flask  equipped  with  a  reflux 

condenser  and  a  teflon  coated  magnetic  stir  bar  was  placed  23.9 

grams  of  zeolite  (dried  at  300  °C  under  vacuum)  and  250  mL  of  carbon 

tetrachloride  (dried  over  4  A  sieves) .  After  purging  the  system 

with  nitrogen  (N2) ,  13.29  grams  of  anhydrous  aluminum  chloride 

(AI2CI5)  was  added  and  the  mixture  was  allowed  to  stir  at  reflux 

under  a  N2  atmosphere  for  2  days  in  the  absence  of  light. 
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After  c^iproximately  l  hour  the  mixture  develc^jed  a  tan  cx)lor. 
After  2  days  the  reaction  mixture  was  filtered  under  an  N2 
atmo^iiere.  The  filtrate  had  a  pale  brown  cx)lor  and  the  resulting 
solid  product  obtained  was  tan  in  appearance.  Ihe  catalyst  was 
water-sensitive  and  turned  vAiite  on  exposure  to  moisture. 

Preparation  of  a  Boron  Oxide  Catalyst  Doped  with  Aluminum  Chloride 
Using  Carbon  Tetrachloride  as  a  Solvent 

In  a  250  mL  3-neck  round  bottcsm  flask  equi^jed  with  a  reflux 
condenser  and  a  teflcxi  coated  magnetic  stir  bar  was  placed  15.0 
grains  of  borcai  oxide  (dried  at  80  °C  under  vacuum)  and  250  mL  of 
carbon  tetrachloride  (dried  over  4  A  sieves) .  After  purging  the 
system  with  nitrogen  (N2) ,  7.50  grams  of  anhydrous  alimunum  chloride 
(AI2CI6)  was  added  and  the  mixture  was  allowed  to  stir  at  reflux 
under  a  N2  atmosphere  for  3  days  in  the  absence  of  li^t. 

After  approximately  1  hour  the  mixture  developed  a  purple 
color.  This  color  continued  to  increase  in  intensity  lontil  the 
mixture  was  black  in  afpearance. 

After  3  days  the  reaction  mixture  was  filtered  under  an  N2 
atmosphere.  Ihe  filtrate  was  colorless  and  the  resulting  solid 
product  obtained  was  black  in  color. 

The  catalyst  was  water-sensitive  and  turned  v*iite  on  exposure 
to  moisture.  The  catalyst  gave  a  sharp  EFR  signal,  similar  to 
Figure  2-3,  indicative  of  a  free-radical  with  a  g  value  of  2.012. 
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Pr^jaraticgi  of  a  Titanium  Dioxide  Catalyst  Etoped  with  Aluminum 
Qiloride  Using  Carbon  Tetrachloride  as  a  Solvent 

In  a  500  mL  1-neck  round  bottom  flask  equipped  with  a  reflux 
cxxidenser  and  a  teflon  coated  magnetic  stir  bar  was  placed  30.0 
grams  of  titanium  dioxide  and  300  mL  of  carbcxi  tetrachloride  (dried 
over  4  A  sieves) .  After  purging  the  system  with  nitrogen  (N2) ,  15.0 
grams  of  anhydrous  aluminum  chloride  (AI2CI6)  was  added  and  the 
mixture  was  eillcwed  to  stir  at  reflux  under  a  N2  atmosjiiere  for  3 
days. 

After  ^proximately  1  hour  the  mixture  developed  a  slight  pink 
color  vAiidi  gradually  increase  in  intensity  until  the  mixture  was 
peach  in  color. 

After  3  days  the  reaction  mixture  was  filtered  under  an  N2 
atmo^iiere.  The  filtrate  was  colorless  and  the  resulting  solid 
product  obtained  was  peach  in  appearance. 

The  catalyst  was  water-sensitive  and  turned  viiite  on  exposure 
to  moisture.  Ihe  catalyst  gave  a  sharp  EFR  signal,  similar  to 
Figure  2-3,  indicative  of  a  free-radiceil  with  a  g  value  of  2.013. 

Preparation  of  a  Magnesium  Oxide  Catalyst  Doped  with  Aluminum 
Chloride  Using  Carbon  Tetrachloride  as  a  Solvent 

In  a  250  mL  1-neck  round  bottcsm  flask  equipped  with  a  reflux 

condenser  and  a  teflon  coated  magnetic  stir  bar  was  placed  15.0 

grams  of  magnesium  oxide  and  150  mL  of  carton  tetrachloride  (dried 

over  4  A  sieves) .  After  purging  the  system  with  nitrogen  (N2) ,  7.5 

grams  of  anhydrcxis  aluminum  chloride  (AI2CI6)  was  added  and  the 
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mixture  was  allowed  to  stir  at  refltix  under  a  N2  atmospiiere  for  3 
days. 

After  c^pproximately  1  hour  the  mixture  develc^)ed  a  slight  pink 
color  vAiidi  gradually  increase  in  intensity  imtil  the  mixture  was 
bri^t  pink  in  color. 

After  3  days  the  reaction  mixture  was  filtered  under  an  N2 
atmo^jhere.  The  filtrate  was  colorless  and  the  resulting  solid 
product  obtained  was  pink  in  afpearance. 

The  catalyst  was  water-sensitive  and  turned  vAiite  on  ejqxDsure 
to  moisture. 
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Preparation  of  a  Silica  Gel  Catalyst  Doped  with  Aluminum  Chloride 
Using  Chloroform  as  a  Solvent 

In  a  250  mL  3-neck  round  bottom  flask  equipped  with  a  reflux 

condenser  and  a  teflon  coated  magnetic  stir  bar  was  placed  10.20 

grams  of  silica  gel  (washed  with  IM  HCl  and  dried  under  vacuum  at 

80 °C  for  72  hrs)  and  150  mL  of  chloroform  (dried  over  4  A  sieves) . 

After  purging  the  system  with  nitrogen  (N2) ,  5.10  grams  of  anhydrous 

aluminum  cJiloride  (Al2Clg)  was  added  and  the  mixture  was  allowed  to 

i 
stir  at  reflux  vinder  a  N2  atmosphere  for  5  days. 

After  approxiitately  1  hour  the  mixture  develcped  a  purple 
color.  Ihis  color  continued  to  increase  in  intensity  until  the 
mixture  was  black  in  appearance. 

After  5  days  the  reaction  mixture  was  filtered  under  an  N2 
atnc^iiere.  Ihe  filtrate  was  colorless  and  the  resulting  solid 
product  obtained  was  burgundy  in  color. 


22 
The  catalyst  was  water-sensitive  and  turned  v*iite  on  exposure 
to  moisture.  The  catalyst  gave  a  sharp  EFR  signal,  similar  to 
Figure  2-3,  indicative  of  a  free-radical  with  a  g  value  of  2.012. 

I 

Preparation  of  a  Silica  Gel  Catalyst  Doped  with  Aluminum  Qiloride 
UsincT  Methvlene  Chloride  as  a  Solvent 

In  a  500  mL  1-neck  round  botton  flask  equipped  with  a  reflux 
ccxidenser  and  a  teflon  coated  magnetic  stir  bar  was  placed  10.16 
grams  of  silica  gel  and  200  mL  of  methylene  chloride  (dried  over  4 
A  sieves) .  After  purging  the  system  with  nitrogen  (N2) ,  5.07  grams 
of  anhydrous  aluminum  chloride  (AI2CI5)  was  added  and  the  mixture 
was  allowed  to  stir  at  reflux  under  a  N2  atmosphere  for  5  days. 

After  5  days  the  li^t  purple  reaction  mixture  was  filtered 
under  an  N2  atinosphere.  The  filtrate  was  colorless  and  the 
resulting  solid  product  cfctained  was  light  purple  in  appearance. 

Ihe  catalyst  was  water-sensitive  and  turned  v*u.te  on  exposure 
to  moisture.  Ihe  catalyst  gave  a  sharp  EFR  signal,  similar  to 
Figure  2-3,  indicative  of  a  free-radical  with  a  g  value  of  2.012. 

Preparation  of  a  Silica  Gel  Catalyst  Doped  with  Aluminum  Chloride 
Using  1.2-Dichloroethane  as  a  Solvent 

In  a  250  mL  3-neck  round  bottcm  flask  equipped  with  a  reflux 

condenser  and  a  teflon  coated  magnetic  stir  bar  was  placed  5.00 

grams  of  silica  gel  (washed  with  IM  HCl  and  dried  under  vacuum  at 

80  °C  for  72  hrs)  and  175  mL  of  1,2-dichloroethane  (dried  over  4  A 

sieves) .  After  purging  the  system  with  nitrogen  (N2) ,  2.50  grams  of 
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anhydrous  cduminum  chloride  (AI2CI5)  was  added  and  the  mixtxire  was 
allowed  to  stir  at  reflux  londer  a  N2  atmosphere  for  5  days. 

After  ^proximately  1  hour  the  mixture  devel(^)ed  a  purple 
color.  This  color  continued  to  increase  in  intensity  until  the 
mixture  was  black  in  ^jpearance. 

After  5  days  the  reaction  mixture  was  filtered  under  an  N2 
atmo^jhere.  The  filtrate  was  colorless  and  the  resulting  solid 
product  obtained  was  burgundy  in  color. 

The  catalyst  was  water-sensitive  and  turned  v*iite  on  exposure 
to  moisture.  The  catalyst  gave  a  sharp  EFR  signal,  similar  to 
Figure  2-3,  indicative  of  a  free-radical  with  a  g  Vcilue  of  2.012. 

Preparation  of  a  Silica  Gel  Catalyst  Doped  with  Aluminum  Chloride 
Using  n-Hexane  as  a  Solvent 

In  a  500  mL  1-neck  round  bottom  flask  equipped  with  a  reflux 
condenser  and  a  teflon  coated  magnetic  stir  bar  was  placed  10.16 
grams  of  silica  gel  and  200  mL  of  n-hexane  (dried  over  4  A  sieves) . 
After  purging  the  system  with  nitrogen  (N2) ,  5.07  grams  of  anhydrous 
aluminum  chloride  (AI2CI6)  was  added  and  the  mixture  was  allowed  to 
stir  at  reflux  under  a  N2  atmosphere  for  3  days. 

After  3  days  the  bri^t  yellow  reaction  mixture  was  filtered 
under  an  N2  atmo^iiere.  The  filtrate  was  colorless  and  the 
resulting  solid  product  (±)tained  was  yellow  in  appearance. 

The  catalyst  was  water-sensitive  and  turned  v*iite  on  exposure 
to  moisture.  The  catalyst  gave  a  sharp  EFR  signal,  similar  to 
Figure  2-3,  indicative  of  a  free-radical  with  a  g  value  of  2.011. 
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Preparation  of  a  Silica  Gel  Catalyst  Doped  with  Alundnijm  Chloride 
Using  Cvclchexane  as  a  Solvent 

In  a  250  mL  3-neck  round  bottom  flask  equipped  with  a  reflux 
condenser  and  a  teflon  coated  magnetic  stir  bar  was  placed  5.00 
grams  of  silica  gel  (washed  with  IM  HCl  and  dried  under  vacuum  at 
80  "C  for  72  hrs)  and  175  mL  of  cyclciiexane  (dried  over  4  A  sieves) . 
After  purging  the  system  with  nitrogen  (N2) ,  2.50  grams  of  anhydrous 
aluminum  chloride  (AI2CI6)  was  added  and  the  mixture  was  allowed  to 
stir  at  reflux  under  a  N2  atmos^iere  for  16  hours. 

After  16  hours  the  reaction  mixture  was  filtered  under  an  N2 
atmosphere.  Ihe  filtrate  was  colorless  and  the  resulting  solid 
product  obtained  was  li^t  yellcw  in  color. 

The  catcilyst  was  water-sensitive  and  turned  Viiiite  on  exposure 
to  moisture.  The  catalyst  gave  a  sharp  EER  signal,  similar  to 
Figure  2-3,  indicative  of  a  free-radical  with  a  g  value  of  2.012. 

Preparation  of  a  Silica  Gel  Catalvst  Doped  with  Aluminum  Chloride 
Using  Benzene  as  a  Solvent 

In  a  1000  mL  3-neck  round  bottom  flask  equipped  with  a  reflux 
coTdenser  and  a  teflcai  coated  magnetic  stir  bar  was  placed  100  grams 
of  silica  gel  (washed  with  IM  HCl  and  dried  under  vacuum  at  80  °C  for 
72  hrs)  and  750  mL  of  benzene  (dried  over  4  A  sieves) .  After 
purging  the  system  with  nitrogen  (N2) ,  50  grams  of  anhydrous 
aluminum  chloride  (AI2CI6)  was  added  and  the  mixture  was  allowed  to 
stir  at  reflux  under  a  N2  atmosphere  for  2  days. 

After  2  days  the  reaction  mixture  was  filtered  under  an  N2 
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atmosphere.  The  filtrate  was  cxDlorless  and  the  resulting  solid 
prcxiuct  obtained  was  black  in  color. 

Ihe  catcilyst  was  water-sensitive  and  turned  v*iite  on  exposure 
to  moisture.  The  catalyst  gave  a  sharp  EFR  signal,  similar  to 
Figure  2-3,  indicative  of  a  free-radical  with  a  g  value  of  2.012. 

Preparation  of  a  Silica  Gel  Catalyst  Doped  with  Alundnum  Chloride  by 
Vapor  Depositicffi 

In  a  sublimation  ^jparatus  3  grams  of  ciluminum  chloride  and  5 
grains  of  silicon  dioxide  (washed  with  IM  HCl  and  dried  under  vacuum 
at  80  °C  for  72  hrs)  were  p^iysically  mixed  and  heated  under  vacuum  at 
240  "C  to  sublimed  the  aluminum  chloride  throu^  the  si^port.  After 
cill  of  the  aluminum  chloride  was  removed  frcm  the  sairple  the  support 
was  heated  to  350 °C  to  remove  any  excess  aluminum  chloride. 

The  same  procedure  was  also  r^)eated  using  alumina  as  the 
siq^port  material. 

Preparation  of  a  Palladivmi  fll)  Chloride-Aluminum  Chloride  Doped 
Catalyst  Using  Carbon  Tetrachloride  as  a  Solvent 

In  a  200  mL  3-neck  round  bottom  flask  equipped  with  a  reflux 

condenser  and  a  teflon  coated  magnetic  stir  bar  was  placed  5.0  grains 

of  silica  gel  (washed  with  IM  HCl  and  dried  under  vacuum  at  80  °C  for 

72  hrs),  0.06  grams  palladium  (II)  chloride  (PdCl2)  and  100  mL  of 

carbCTi  tetrachloride  (dried  over  4  A  sieves) .  Ihe  reaction  mixture 

was  stirred  and  heated  at  reflux  under  a  nitrogen  (N2)  atmosphere 

for  6  hcurs.  Next  2.61  grams  of  anhydrous  aluminum  chloride 
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(AI2CI6)  was  added  and  the  mixture  was  allowed  to  stir  at  reflux 
under  a  N2  atmosphere  for  2  days. 

After  2  days  the  reac±ion  mixture  was  filtered  under  an  N2 
atmo^iiere.  The  filtrate  was  colorless  and  the  resulting  solid 
product  obtained  was  orange  in  color. 

The  catalyst  was  water-sensitive  and  turned  li(^t  peach  on 
esqxisure  to  moisture. 

Preparation  of  a  Rhodium  (III)  Chloride-Aluminum  Chloride  Doped 
Silica  Gel  Catalyst  Using  Carbon  Tetrachloride  as  a  Solvent 

In  a  200  mL  3-neck  round  bottom  flask  equipped  with  a  reflux 
ccaTdenser  and  a  teflon  coated  magnetic  stir  bar  was  placed  9.0  grams 
of  a  2%  rhodium  (III)  chloride  (RhCl3)  on  silica  gel  (prepared  as 
above  for  palladium),  5.0  grams  aluminum  chloride,  and  150  mL  of 
carbOTi  tetrachloride  (dried  over  4  A  sieves)  .Ihe  reaction  mixture 
was  allcwed  to  stir  at  reflux  under  a  N2  atmosphere  for  24  hoxors. 

After  24  hours  the  reaction  mixture  was  filtered  under  an  N2 
atmosphere.  Ihe  filtrate  was  colorless  and  the  resulting  solid 
product  obtained  was  orange  in  color. 

Ihe  catalyst  was  water-sensitive  and  turned  li^t  orange  on 
e>qx3sure  to  moisture. 

Procedure  for  the  Adsorption  of  Pyridine  onto  Supports  and  Solid 
Acid  Catalysts  for  the  Characterization  of  Acid  Sites 

The  infrared  spectra  of  pyridine  on  solid  acid  catalysts  has 

long  been  used  for  characterization  of  the  acid  sites  on  solid  acid 

catalysts. [16,17,20-25]  Ihe  procedure  used  to  adsorb  and  desorb 
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pyridine  was  similar  to  that  r^xDrted  previously [16, 17]  with  the 
exc^jtion  that  cur  sanples  were  in  pcwder  form  and  not  in  pressed 
wafers.  This  meant  that  quantitative  infrared  measurements  of  the 
acid  site  cxDncentrations  could  not  be  performed  and  only  a 
qualitative  determination  of  the  nature  of  the  acid  sites  could  be 
made.  Si^jport  and  catalysts  samples  were  dried  at  200 °C  for  8  hours 
under  vacuum  prior  to  the  adsorption  experiments.  Pyridine  vapors 
were  be  contacted  with  the  catalyst  at  roan  terrperature  for  2  to  3 
hours  and  then  the  catalyst  was  placed  under  vacuum  to  remove  any 
excess  pyridine  (2-3  hours) .  A  sample  of  the  sufport  or  catalyst 
was  removed  and  a  fluorolube  mull  pr^jared.  An  IR  spectrum  was 
obtained  in  the  region  fran  1700  cm"^  to  1400  cm~^  in  order  to 
characterize  the  type  of  acid  sites  present.  The  sample  was  then 
evacuated  at  ISO'C,  225°C  and  300°C  for  2  to  3  hours  at  each 
ternperature.  An  IR  spectnnn  was  <±)tained  after  evacuation  at  each 
terrperature.  Ihe  results  of  these  e>q)eriments  are  discussed  in  a 
later  section. 

Procedure  for  the  Spin  Trapping  of  Radicals  on  Solid  Acid  Catalysts 
Using  CMPO 

All  manipulations  were  conducted  in  an  inert  atmosj^ere  box. 
PcMder  samples  of  the  catalysts  were  added  to  quartz  EPR  tubes  that 
contained  carton  tetrachloride  or  toluene.  An  amount  of  CMPO  was 
added  to  this  mixture  that  corresponded  to  the  number  of  moles  of 
aluminum  chloride  contained  in  the  sample.  ^The  EFR  spectra  were 
collected  in  the  usual  manner.  Computer  simulations  of  the  spin 
trapped  radicals  were  performed  using  the  program  QP0W[38,39]  as 


28 
modified  by  J.  Telser[40]  and  N.M.  Wong  of  the  IMiversity  of 
Florida,  Gainesville,  Florida. 

2.3  RESULIS  AND  DISCCJSSICW 


Preparation  of  a  New  Solid  Acid  Catalyst 

As  described  in  the  experimental  sectioi  the  catalysts  are 
pr^ared  by  the  reaction  of  the  hydroxyl  groups  of  an  inorganic 
oxide  with  eiluminum  chloride  (AI2CI5)  in  refluxing  carbon 
tetrachloride  (OCI4) ,  Equation  2-2.  The  reaction  of  aluminum 
chloride  with  silicon 
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dioxide  was  monitored  by  accurately  wei^iing  the  aluminum  chloride 
and  siliccHi  dioxide  before  the  reaction.  When  the  wei(^t  of  the 
resulting  aluminum  chloride  doped  silica  gel  was  subtracted  from  the 
sum  of  the  wei^ts  of  the  starting  materials  used  in  the  reaction  it 
was  determined  that  1.1  moles  of  hydrogen  chloride  (HCl)  was  evolved 
for  every  mole  of  AICI3  used.  This  suggests  that  over  90%  of  the 
chloroaluminum  species  on  the  catalyst  surface  of  this  support  has 
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the  cxjiposition  (-0-)AlCl2.  Since  the  average  cxxtposition  is  two 
chlorides  per  aluminum  and  AI2CI5  would  sublime  off  i^on  heating 
(vAiich  does  not  ocxxir)  there  is  very  little  (-C>-)2A1C1  present.  A 
blank  reaction  between  Si02  and  OCI4  showed  no  HCl  evolution  and  the 
resulting  solid  did  not  have  any  acidic  properties  as  indicated  by 
pyridine  adsorptions.  Ihis  result  is  consistent  with  literature 
reports  in  that  <x:i4  does  not  chlorinate  the  surface  of  silica  gel 
belcw  a  ternperature  of  350°C.  [41] 

Past  attempts [8]  conducted  on  this  reaction  have  employed 
solvents  other  than  OCI4.  It  has  been  determined  that  chloroform, 
methylene  chloride,  ethylene  dichloride  and  saturated  hydrocarbons 
(to  name  a  few)  do  not  product  a  solid  acid  catalyst  with  the 
properties  described  for  a  solid  acid  pr^>ared  in  CCI4.  [15]  Several 
patents  have  been  issued  for  the  treatment  of  inorganic  oxides  with 
aluminum  chloride  to  form  strong  acid  catalysts. [5,8-14]  In  each  of 
these  cases  aluminum  chloride  is  rapidly  evolved  from  the  surface 
and  only  short  term  activity  results.  [4,5,8-14]  Ihis  is  in  contrast 
with  vhat  has  been  found  for  the  aluminum  chloride  dcped  inorganic 
oxides  pr^aared  in  CCI4.  | 

The  new  catalysts  r^x>rted  in  the  eiq^erimental  section  have 
been  characterized  by  IR  spectrosccpy,  solid-state  MAS  NMR 
^)ectrcisocpy  and  calorimetric  titration.  As  detailed  in  latter 
secticais  these  aluminum  chloride  doped  inorganic  oxides  are 
catalysts  for  a  wide  range  of  acid  catalyzed  reactions. 
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Figure  2-4.  Infrcured  Spectrum  of  Si02  Dried  at  200  °C. 
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Figure  2-5.  Infrared  Spectrum  of  Si02  After  Pyridine 

Adsorption  and  Evacuaticai  at  Roan  Tetrperature. 
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Figure  2-6.  Infrared  Spectrum  of  Si02  After  Pyridine 
Adsorpticn  and  Evacuation  at  150  °C. 
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Characterization  of  the  New  Solid  Acid  Catalysts  by  the  Infrared 
Spectroscxjpy  of  Msorbed  Pvoridine 

Using  the  procedure  outlined  in  the  ejqjerimental  section  a 
saiiple  of  the  silicon  dioxide  was  dried  under  vacuum  at  200°C  for  8 
hcxirs  and  three  IR  spectra  were  collected.  The  three  IR  spectra  are 
shewn  in  Figures  2-4  to  2-6.  The  IR  spectrum  shown  in  Figure  2-4  is 
of  the  siliccai  dioxide  after  drying  at  200°C  under  vacuum.  This 
relatively  featureless  spectrum  is  typical  of  the  inorganic  oxides 
used.  After  pyridine  is  adsorised  onto  the  silica  gel  surface  and 
eill  excess  pyridine  is  removed  by  evacuation  at  room  tenperature, 
two  bands  that  are  indicative  of  hydrogen  bonded  pyridine  appear, 
Figure  2-5.  Ihe  band  at  1447  cm"^  is  attributed  to  the  interaction 
of  pyridine  with  the  hydroxyl  gixxaps  of  the  silica  gel  and  results 
tram  hydrogen  bonding  since  it  is  known  that  unmodified  silicon 
dioxide  has  no  strong  acidic  or  basic  properties.  [16,19]  This  band 
is  located  at  1438  cm"-'-  for  free  pyridine.  When  the  silicon  dioxide 
is  evacuated  at  150 °C  all  of  the  adsorbed  pyridine  is  removed 
indicating  that  the  pyridine  interacts  only  weakly  with  the  surface 
of  the  st^port,  (see  Figure  2-6) .  Ihe  results  obtained  on  the 
silicon  dioxide  material  parallel  the  results  obtained  by  Parry  [16] 
for  silicon  dioxide  and  indicates  that  the  experimental  method  being 
used  is  valid. 

Next  a  saiiple  of  the  silicon  dioxide  dcped  with  AI2CI6 
(AlCl3/Si02)  v*iich  had  been  pr^iared  in  CCI4  was  dried  at  200  °C  for 
8  hours.  The  infrared  spectrum  of  the  dried  AlCl3/Si02  is  similar 
to  the  IR  ^jectrum  of  the  dried  silicon  dioxide.  Figure  2-7.  When 
pyridine  is  adsorbed  onto  the  AlCl3/Si02  catalyst  and  evacuated  at 
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Figure  2-7.  Infrared  Spectrum  of  AlCl2-Si02  Dried  at  200 °C. 
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roan  tearperature,  bands  indicative  of  both  Bronsted  and  Lewis  acid 
sites  are  observed,  Figure  2-8.  Ihe  large  band  at  1540  cra"^  results 
frcm  pyridinium  icxi  v*iich  is  formed  by  the  protonation  of  pyridine 
by  Bronsted  acid  sites.  Lewis  acid  sites  are  indicated  by  the 
presence  of  a  band  at  1449  cm"^.  Since  the  IR  ^jectrura  is  obtained 
after  evacuaticxi  at  room  tenperature,  there  is  some  hydrogen  bonded 
pyridine  present  cxi  the  surface  and  is  respcaisible  for  the  broad 
shc^e  of  the  Lewis  acid  band.  The  peak  at  ~1499Gra"l  is  a  band 
present  in  both  Brcaisted  and  Lewis  acid  bound  pyridine  and  cannot  be 
used  to  distinguish  between  the  two  types  of  acid  sites [16] .  After 
evacuaticai  at  150 "C,  to  remove  any  hydrogen  bound  pyridine,  the  peak 
for  the  Lewis  acid  bound  pyridine  is  centered  at  1456  cm"^.  Figure 
2-9.  This  is  a  shift  of  18  cm"^  and  is  comparable  to  shifts 
r^xDrted  in  the  literature  for  solid  acid  cracking  catalysts. [16] 
In  addition  to  a  shift  in  the  Lewis  acid  band  for  pyridine  there  is 
a  large  amount  of  Bronsted  acid  sites  present  as  indicated  by  the 
band  at  1540  cm~^.  Even  after  evacuation  at  300 °C  both  Bronsted  and 
Lewis  acid  sites  are  present  indicating  a  very  strong  interaction 
between  the  surface  of  the  solid  acid  and  the  adsorbed  pyridine, 
Figure  2-10.  Ihe  results  for  this  catalyst  are  in  good  agreement 
with  the  data  obtained  by  Parry[16]  and  other  workers  in  the 
area [17]  for  canmercial  amorphous  silica-aluminas  and  zeolites.  A 
suninary  of  the  infrared  shift  data  for  pyridine  adsorbed  onto 
various  aluminum  chloride  treated  inorganic  oxides  (AICI2-X;  X= 
inorganic  st^port)  is  presented  in  Table  2-1. 
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Figure  2-8.  Infrared  Spectxum  of  AlCl2-Si02  After  Pyridine 
Adsorption  and  Evacajaticai  at  Rocm  Tenperature. 
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Infrared  Spectrum  of  AlCl2-Si02  After  Pyridine 
AdsorptiCTi  and  Evacuation  at  150  °C. 
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Figure  2-10. 


Infrared  Spectrum  of  AlCl2-Si02  After  Pyridijie 
Adsorption  and  Evacuation  at  300 °C. 
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Table  2-1.  Infrared  Shift  Data  for  Pyridine  Adsorbed  onto 
AICI2-X  Catalysts. 


X 

SOLVEMT- 

Si02 

OCI4 

AI2O3 

OCI4 

Silicalite*** 

CCI4 

B2O3 

OCI4 

Ti02 

0:14 

ykfi 

OCI4 

Si02 

CHCI3 

Si02 

CH2CI2 

Si02 

^6^14 

Si02 

CeHe 

SHUT  OF  LEWIS  BANEP^ 


18.0 

15.2 

18.1 

18.1 

14.1 

7.8 

9.3 

8.6 

8.9 

8.3 


*  This  solvent  was  used  to  prepare  the  catalyst. 

**  This  shift  is  measured  after  pumping  at  150°C  cai  the  saitple 
ejqxjsed  to  pyridine.  The  free  pyridine  band  ocx:urs  at 
1438.5  cm"^. 


*** 


A  hi^  silica  zeolite. 
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As  seen  in  Table  2-1  the  acid  treated  Si02,  silicalite  and  B2O3 
sv;53ports  resulted  in  the  largest  shifts  for  the  Lewis  acid  band. 
Alumina  and  titanium  dioxide  eidiibited  shifts  in  an  intermediate 
range  with  magnesium  oxide  resulting  in  the  lowest  shift.  The 
frequency  shifts  listed  are  after  evacuation  at  150 °C  to  remove  any 
vjeakly  hydrogen  bound  pyridine.  The  low  shift  for  MgO  is  not 
unexpected  due  to  the  fact  that  magnesivim  oxide  is  basic[19]  and  the 
resulting  matericd  formed  f rem  reacting  a  strong  acid  with  a  base 
would  result  in  a  product  that  is  weakly  acidic  in  nature.  Even 
thou^  the  shift  in  the  Lewis  acid  band  for  the  MgO  catalyst  issmall 
and  in  the  range  that  would  normally  r^resent  hydrogen  bonded 
pyridine,  the  band  is  still  present  after  evacuation  at  150 °C  and 
considered  to  arise  form  a  Lewis  acid-base  interaction. 

Several  catalysts  were  prepared  by  methods  described  in  the 
patent  literature  and  the  results  of  the  pyridine  adsorptions  are 
listed  at  the  bottcm  of  Table  2-1.  All  patented  catalysts  that  were 
used  enployed  siliccxi  dioxide  as  the  st^^xsrt  material  and  solvents 
other  than  OCI4.  For  each  of  the  solvents  used  a  shift  of  only  8  or 
9  an~^  was  observed  after  evacuation  at  150° C.  An  ejqslanation  for 
the  decrease  in  frequency  shifts  v^xDn  changing  frcm  carbon 
tetrachloride  to  other  solvents  may  be  that  each  of  the  other 
solvents  contain  reactive  hydrogens  or  are  basic  molecules.  It  is 
well  l<nown  that  aluminum  chloride  can  react  with  organic  cctrpounds 
to  form  ionic  conplexes  as  sho^m  in  Equations  2-3  and  2-4. [42]  When 
solvents  such  as  chloroform,  methylene  chloride  and  saturated 
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2  R-H  +  AI2CI6 
2  R-Cl  +  AI2CI6 


->   2  R+HAICI3" 
->   2  R+AICI4" 


(2-3) 
(2-4) 


hydrocarbcaTS  are  enployed,  the  aluminum  chloride  can  react  with  the 
solvent  to  form  halo  organo-aluminum  corplexes.  [42]  For  solvents 
with  available  hydrogens  the  reaction  that  may  then  take  place  is 
abstractiOTi  of  a  hydride  ion  frcm  the  organic  halide  generating  an 
edviminum  hydride  and  a  carbonium  ion.  [43]  The  carbonium  ion  may 
abstract  a  hydride  ion  frcm  another  solvent  molecule  or  the  support 
matericd  forming  a  neutral  species.  Ihe  aluminum  hydride  cortplex 
may  react  with  the  support  material,  liberating  HCl  and  forming  a 
ctiloroaluminum  hydride  ocnplex.  Ihis  species  is  less  acidic  than 
the  chloroaluminum  species  formed  vtien  pure  AI2CI6  is  reacted  with 
the  sw^jport  material,  Equations  2-5  and  2-6.  Many  other  reactions 
are  possible  between  the  aluminum  chloride  and  the  reaction  medium. 
Ihe  point  to  be  made  is  that  in  solvents  that  contain  carbon- 
hydrogen 
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bonds  reactions  involving  aluminiim-chlorine  bonds  that  result  in 
the  deconposition  of  the  aluminum  chloride  into  aluminum  hydride  or 
organo-alvmdnum  species  that  would  exhibit  Icwer  acidity  than 
aluminum  chloride  alone  may  occur[43,44].  A  reason  for  the  decrease 
in  acidity  for  the  catalyst  pr^jared  in  benzene  is  that  benzene  is  a 
good  TT -base  and  would  form  an  acid-base  ccnplex  with  the  aluminum 
chloride.  Ihe  conplexed  aluminum  chloride  would  be  a  weaker  acid 
than  the  free  aluminum  chloride.  On  the  other  hand,  a  fully 
chlorinated  solvent  such  as  carbon  tetrachloride  will  undergo  an 
exchange  of  chloride  ion  with  aluminum  chloride  and  will  result  in 
no  net  reaction,  Equations  2-7  to  2-9. 


2  CI3CCI  +  AI2CI6  >  2  Cl3d'AlCl4" 

2  Cl3d"AlCl4"  >   2  CI3CCI  +  AI2CI6 


(2-7) 
(2-8) 


2  CI3CCI  +  AI2CI6 


->  2  CI3OCI  +  AI2CI6 


(2-9) 
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The  result  of  this  reaction  is  that  the  aluminum  chloride  is 
stabilized  in  solution  by  the  carbon  tetrachloride.  Since  the 
aluminum  chloride  cannot  react  with  the  solvent  the  aluminum 
chloride  is  forced  to  react  with  the  hydroxyl  grcft?)s  of  the  si:?)port 
materieil. 

Ihe  trend  for  the  frequency  shifts  of  the  Lewis  acid  band  for 
pyridine  can  be  clearly  seen  in  Table  2-1.  A  neutral  support  such 
as  silica  gel  eidiibits  the  hi^est  shift  along  with  a  hi^  silica 
zeolite  and  boron  oxide  (B2O3) .  Acidic  seaports  such  as  alumina  and 
titanium  dioxide  have  the  next  largest  shifts  and  the  basic  support 
magnesium  oxide  ejdubits  the  lowest  frequency  shift.  An  ejq)lanation 
involving  the  acidic  or  basic  prcperties  of  each  si;5port  would  be 
accqptable  except  that  boron  oxide  is  not  a  neutral  si:5:port.  Boron 
oxide  has  a  structure  v*iich  contains  trigonal  BO3  units  and  has  the 
same  acidic  prcperties.  [45]  Because  of  the  acidity  associated  with 
boron  oxide  it  would  be  expected  that  boron  oxide  would  ejdiibit  a 
frequency  shift  for  Lewis  acid  bound  pyridine  similar  to  that 
exhibited  by  alumina.  It  should  be  stated  that  the  same  Lewis  acid 
is  used  to  treat  each  si^port  and  would  not  be  the  controlling 
factor  in  determining  the  frequency  shift  of  the  Lswis  acid  bound 
pyridine  if  the  st^^port  was  not  interacting  with  the  acid  center. 

The  shift  in  the  Lewis  acid  band  is  a  result  of  an  inductive 
effect  involving  the  donation  of  the  nitrogen  lone  pair  of  the 
pyridine  to  a  vacant  orbital  on  a  Lewis  acid  such  as  aluminum 
trichloride  (AICI3) .  As  electron  density  is  drawn  away  from  the 
nitrxjgen  the  pTF-pTT  interaction  between  the  ring  carbons  increases 
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resultir^  in  an  increase  in  the  ring  bending  frequency  for  pyridine. 
It  has  been  previously  r^)orted  that  as  the  strength  of  the  lewis 
acid  increases  the  Lewis  acid  band  for  pyridine  will  shift  to  higher 
frequencies.  [16]  This  is  a  direct  result  of  the  increased  electron 
withdrawing  strength  of  the  Lewis  acid.  In  the  case  of  the 
inorganic  oxides  treated  with  aluminum  chloride,  the  strength  of  the 
chloroaluminum  center  resulting  fron  aluminum  chloride  should  be  the 
same  for  each  oxide.  A  difference  in  the  electron  withdrawing 
strer^th  of  the  acids  would  arise  from  the  electronegativity  of  the 
oxides  themselves. 

The  Pauling  electronegativity  Vcilues  for  each  of  the  elements 
in  the  inorganic  oxides  are  as  follows:  boron=  2.0,  silicor^  1.8, 
cauminunF=  1.5,  titaniuitt=  1.5  and  magnesiuro=  1.2.  [46]  iMs  trend  in 
electronegativities  (Pauling  and  Mulliken)  correlates  with  the  trend 
in  the  frequency  shifts  of  the  Lewis  acid  bound  pyridine  and  may 
cixttribute  to  the  observed  trend  in  the  acid  strengths.  The  trend 
in  the  activities  of  these  materials  for  the  catalytic  cracking  of 
hydrxscartocaTS  will  be  discussed  in  greater  detail  in  a  later  section. 

Characterization  of  a  New  Solid  Acid  Catalyst  bv  ^Al  and  ^Si 
Solid-state  Magic  Angle  Spinning  (ms)   FT  NMR  Spectroscopy 

The  following  discussion  is  concerned  with  the  solid-state  MAS 
NMR  spectra  of  the  inorganic  oxide  treated  with  aluminum  chloride  as 
described  in  the  experimental  section  of  t^s  chapter. 

The  first  matericil  examined  was  a  catalyst  vrtiich  had  been 
pr^)ared  by  refluxing  Si02  and  AI2CI6  in  CCI4  with  enou^  water 
present  to  hydrolyze  all  the  AI2CI6  in  order  to  determine  the 
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^)ectrum  of  a  decxxiposed  catalyst.  If  a  catalyst  were  prepared  in 

the  presence  of  water  or  a  good  catalyst  is  exposed  to  water,  it 

would  be  expected  that  the  aluminum  chloride  wculd  be  hydrolyzed  and 

form  a  6-coordinate  eiluminum  ^^ecies.  Ihe  catalyst  pr^sared  in  the 

presence  of  water  (Figure  2-11)  shews  only  one  aluminum  peak 

centered  at  0  ppm  for  the  27^1  MAS  NMR  ,  v*iich  is  indicative  of  6- 

coordinate  aluminum.  Figure  2-12  (vAiich  is  referenced  to  IMS)  shows 

the  29si  MAS  NMR  for  the  catalyst  pr^jared  in  the  presence  of  water 

and  indicates  that  there  is  only  one  type  of  silicon  present  viiich 

is  the  4-ooordinate  silicon  of  silicon  dioxide.  The  broad  peak 

centered  at  -110  ppm  relative  to  TMS  is  consistent  with  reports  in 

the  literature  for  the  29si  MAS  NMR  of  silica  gels  and  silicalite 

I 
(vAiich  is  an  all  silicon  zeolite) .  [29]  No  other  peaks  have 

developed  frxxn  the  formation  of  Al-O-Si  bonds  by  the  reaction  of 

cduminum  chloride.  Ihe  aluminum  chloride  has  siirply  been  hydrolyzed 

and  for  the  most  part  is  a  weakly  associated  6-coordinate  species  on 

the  Si02  surface.  The  sli^t  broadening  of  the  ^^si  peak  coitpared 

to  xmroodif  ied  Si02  could  be  the  result  of  weak  association  with 

these  aluminum  species.  Another  factor  that  will  contribute  to  the 

peak  broadening  is  that  not  all  silicons  are  bonded  together  by 

oxygen  bridges  (Si-O-Si)  in  silica  gel.  On  the  surface  of  the 

silica  gel  the  silicon  dioxide  lattice  terminates  in  Si-O-H 

(silanol)  groups  v*iose  chemical  shift  is  approxiinately  1  ppm 

different  frcm  that  of  groups  in  the  bulk  lattice.  [29] 

The  next  material  examined  was  a  catalyst  vAiich  had  been 

pr^>ared  by  refluxing  Si02  and  AI2CI6  in  dry  CX:i4  under  an  N2 
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Figure  2-11.     An  ^^ai  Solid-State  bWR  of  an  AlCl2-Si02  Catalyst 
Pr^>ared  in  the  Presence  of  H2O. 
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Figure  2-12.     A  29si  Solid-state  NMR  of  an  AlCl2-Si02  Catalyst 
Pr^ared  in  the  Presence  of  H2O. 
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atmo^iiere.  The  ^^ai  mas  NMR  for  an  ac±ive  catalyst  (before 
catalysis)  is  shown  in  Figure  2-13.  The  peak  at  0  fpm  results  from 
the  presence  of  6-coordinate  aluminum  viiich  formed  after  the 
catalyst  was  exposed  to  water  vapor  in  the  air  during  the  loading  of 
the  NMR  tube.  The  peak  centered  at  55  ppn  results  from  4-coordinate 
eiluminum,  most  likely  with  hydroxide  ligands  as  well  as  Al-O-Si 
bcxids.  The  peak  at  55  ppn  could  also  arise  from  the  formation  of 
zeolitic  eiluminum  by  addition  of  alvmiinum  into  a  surface  vacancy  as 
shown  in  Equaticai  2-10.  [33] 


Si  Si 

H  ^ 

2     SiOH   HOSi  +  AI2CI6  >  2  SiO  Al"  OSi  +  6  HCl       (2-10) 

H 

O  O 

Si  si 


I 


The  peak  at  65  ppn  results  from  Si-0-AlCl2  on  the  silica  gel 
surface  vAiich  would  be  consistent  with  the  value  of  62.8  j^stn  given 
for  aluminum  chlorohydrate  with  a  ratio  of  Cl/CH  of  2.5.  [31] 

When  a  hi^  surface  area  silica  gel  is  treated  with  aluminum 
chloride  severcil  types  of  tetrahedral  alxjminum  centers  are  formed. 
Shown  in  Figure  2-14  is  the  ^^ai  MAS  NMR  for  a  690  m^/gram  silica 
gel  treated  with  eiluminum  chloride.  For  the  hi^  surface  area 
silica  gel  three  distinct  peaks  are  detected  vAiich  are  at  70,  52  and 
23  ppm.  The  peak  at  70  is  assigned  to  a  Si-0-AlCl2  species  which 
was  observed  for  the  340  m^/gram  silica  gel.  The  peak  at  52  ppm 
most  likely  results  from  zeolitic  or  hydroxychloro  [Si-O-AlCl(OH)  ] 
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Figure  2-13.     An  27^1  solid-State  NMR  of  an  Active  AlCl2-Si02 
Catcilyst  Pr^jared  in  the  Absence  of  H2O. 
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eLLuminum  centers  and  the  peak  at  23  ppn  prcbably  results  from  a 
chfimisortoed  6-cxxjrdinate  hydroxychloro  eiluminum  species. 

This  may  be  euqjlained  using  the  stoichicmetry  of  the  catalyst 
pn^aration  reaction.  The  aluminum  chloride  treated  silica  gel  is 
normally  pr^aared  i:jsing  a  silica  with  a  surface  area  of  340  m^/gram 
and  a  hydroxyl  group  concentration  of  ^proximately  10 
imiDle/gram.  [35,47]  Since  a  2:1  ratio  by  wei^t  of  inorganic  oxide 
to  aluminum  chloride  is  losed  there  are  7.5  mmole  of  AICI3  per  gram 
of  si^port  vAiich  would  yield  rou^ily  80%  coverage  of  the  solid 
si;5:port.  If  the  surface  area  of  the  si^jport  is  doubled  a 
corre^xDnding  increase  in  the  concentration  of  hydroiQ'^l  groups  would 
occur  and  the  total  coverage  of  the  aluminum  chloride  would  decrease 
to  approximately  40%.  This  would  mean  that  there  would  be,  on 
average,  2.5  hydroxyl  groups  for  every  AICI3  molecule  used  in  the 
reaction.  According  to  this  stoichicmnetry  an  average  of  two  Al-Cl 
bonds  would  be  hydrolyzed  by  the  silica  surface  for  every  AICI3 
molecule  used  in  the  reaction.  The  resulting  ^^Al  MAS  NMR  should 
then  shew  a  significant  increase  in  the  number  of  bands  for 
hydrolyzed  chloroaluminum  species  as  in  Figure  2-14.      1 

Shewn  in  Figure  2-15  is  the  ^^si  MAS  NMR  of  the  690  mVgi^m 
silica  gel  reacted  with  aluminum  chloride  in  CX:i4.  In  contrast  to 
Figure  2-12  vdiere  only  one  peak  was  observed   for  the  ^^Si  MAS  NMR, 
there  are  new  at  least  two  distinct  peaks  centered  at  -88  and  -105 
ppm.  The  peak  at  -105  fpn  is  due  to  the  formation  of  one  Si-O-Al 
bond  per  silicon  atom  on  the  silica  surface  and  the  peak  at  -88  ppm 
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Figure  2-14.     An  27^1  Solid-State  NMR  of  ein  AlCl2-Si02  Catalyst 
Pr^jared  with  a  690  m^/grain  Surface  Area  Silica 
Gel. 
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Figure  2-15.  A  29si  Solid-state  NMR  of  an  AlCl2-Si02  Catalyst 
Prepared  with  a  690  m^/gram  Surfac3e  Area  Silica 
Gel. 
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is  due  to  the  formaticai  of  two  Si-O-Al  bonds  to  one  silicon  center 
on  the  silica  surface.  These  results  are  consistent  with  literature 
vedues  given  for  amorphous  silica-cilumincis,  aluminosilicates  and 
zeolites. [29,30] 

The  presence  of  pecite  ar  -88  and  -105  ppn  are  good  evidence  for 
the  incorporaticxi  of  alviminum  chloride  onto  the  silica  surface  and 
si;?3ports  the  fact  that  the  aluminum  chloride  has  actually  been 
chemically  bcxYJed  to  the  solid  support.  When  the  catalysts  studied 
in  Figures  2-14  and  2-15  are  used  in  a  catalytic  cracking  reaction 
(reported  later  in  this  secticai)  lew  activities  are  cfcserved.  This 
may  be  the  result  of  the  increased  amount  of  hydrolyzed 
chlorocLLxjminum  centers  present  on  the  catalyst  surface.  The 
activity  that  is  ctoserved  may  result  fron  a  lew  number  of  hydroxy 
chloro  species  and  zeolitic  aluminum  centers  v*iich  would  only  show 
high  activities  at  hi^  teiiperatures.  [2,3] 

The  2^A1  and  ^^Si  MAS  NMR  spectra  of  a  silica  gel  support  which 
has  been  treated  with  excess  AI2CI6  (100  wt%)  is  shewn  in  Figures  2- 
16  and  2-17.  For  the  ^7^1  MAS  NMR  a  large  peak  at  105  ppm  is 
observed  \*iich  results  from  vmcarplexed  aluminum  chloride  and  is  in 
agreement  with  the  shifts  reported  in  the  literature  for  the  ^^Al 
solutiOTi  NMR  of  AI2CI5  and  AlCl4~.  [32]  Peaks  in  the  ^7^1  MAS  NMR 
are  also  observed  at  38  and  0  ppn  vAiich  result  frcm  the    1 
hydroxychloro  alvradnum  species  discussed  earlier.  The  ^^Si  MAS  NMR 
spectrum  of  the  same  catalyst  ejdiibits  only  one  peak,  resulting  from 
the  framework  silicon  dioxide  [29],  indicating  that  most  of  the 
aluminum  chloride  is  on  the  sufport  surface  as  AI2CI5. 
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Figure  2-16.     An  ^'Al  Solid-state  NMR  of  an  AlCl2-SiOo  Catalyst 
Prepared  with  100  wt%  of  Aluminum  Chloride. 
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Figure  2-17.     A  29si  Solid-State  NMR  of  an  AlCl2-Si02  Catalyst 
Prepared  with  100  wt%  of  Alvmdnum  Chloride. 
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Ihe  2^A1  and  2%!  MAS  NMR  spec±ra  of  a  catalyst  after  use  in  a 
catalytic  cracking  reaction  are  shewn  in  Figures  2-18  and  2-19. 
Once  again  in  the  ^^Al  MAS  NMR  6-coordinate  and  4-coordinate 
aluminum  centers  are  present  with  the  4-ooordinate  aluminum  center 
giving  a  peak  at  -70  ppm  v*iich  would  indicate  the  presence  of  an  Si- 
0-AICI2  ^Jecies.  Ihe  oscillation  in  the  ^^Al  MAS  NMR  baseline  is 
caused  by  some  paramagnetic  material  (coke)  v*iich  was  deposited  on 
the  catalyst  surface  during  catcilysis.  "Ihe  ^^Si  MAS  NMR  displays 
peaks  for  the  framework  silicon  dioxide  plus  the  silicon  atoms 
eissociated  with  the  formation  of  one  Si-O-Al  bond  per  silicon 
center.  This  indicates  that  even  under  catalytic  conditions  the 
tetrahedral  chloroaluminum  centers  cire  stable  and  could  be 
respcnsible  for  the  catalytically  active  centers. 

Fran  the  ^7^1  and  ^^si  MAS  NMR  data  it  has  been  determined  that 
the  catalyst  pr^>ared  by  reaction  of  aluminum  chloride  with 
aninorganic  oxide  results  in  a  solid  material  vMch  has  tetrahedral 
chloroaluminum  centers.  The  IR  data  for  adsorbed  pyridine  indicates 
that  both  Bronsted  and  Lewis  acid  sites  are  present  and  the 
frequency  shifts  for  the  Lewis  acid  bound  pyridine  are  ccmparable  to 
those  exhibited  by  conventional  cracking  catalysts. [16,17]  As  a 
result  of  these  findings  the  new  solid  acid  catalysts  described  in 
the  experimental  section  of  this  chapter  were  used  for  various 
hydrocarbon  conversion  reactions. 

The  next  section  will  deal  with  the  characterization  of  the 
radical  on  the  catalyst  surface  generated  during  the  catalyst 
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Figure  2-18.     An  27^1  Solid-State  NMR  of  an  AlCl2-Si02  Catalyst 
After  Reac±iCTi  with  n-Pentane. 
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Figure  2-19.  A  29si  Solid-state  NMR  of  an  AlCl2-Si02  Catalyst 
After  Reaction  with  n-Pentane. 


59 

pr^araticxi.  The  following  sections  will  discajss  the  solid  acids 
vise  as  catalytic  cracking  and  polymerization  catalysts.    i 

Characterization  of  the  Radical  on  the  Catalyst  Surface 

It  was  r^xsrted  in  the  experimental  section  that  when  the 
inorganic  oxides  treated  with  aluminum  chloride  are  prepared  in 
refluxing  solvents  a  free-radical  species  is  formed  on  the  solid 
materials  with  a  g  value  of  2.012.  No  hyperfine  splitting  is 
observed  for  the  radical  signal  even  at  4  K.  In  order  to  identify 
the  radical  species  present  magnetic  susceptibility  measurements  and 
spin  trapping  experiments  have  been  conducted  on  the  aluminum 
chloride  treated  siliccai  dioxide  made  in  carbon  tetrachloride. 
The  procedure  for  the  spin  trapping  ejqseriments  using  the 
diamagnetic  spin  trapping  agent  CMPO  are  outlined  in  the 
experimental  section  of  this  chapter.  Whenever  the  radical  was  spin 
trcqpped  in  carbcn  tetrachloride  no  change  in  the  radical  signal  was 
observed  indicating  that  the  radical  on  the  surface  was  not  a  very 
reactive  species.  If  the  radical  is  spin  trapped  in  toluene  a 
radical  is  trapped  v*iich  has  the  EPR  spectrum  shown  in  Figure  2-20. 
Ihe  signal  obtained  had  a  g  value  of  2.0152  with  an  dbserved 
nitrogen  hyperfine  splitting  constant  of  14.225  gauss  and  a  beta 
hydrogen  hyperfine  splitting  constant  of  20.275  gauss.  The 
simulated  EFR  spectrum  shown  in  Figure  2-21  was  cfctained  using  an 
EPR  simulation  program  as  modified  by  J.  Itelser.  [38-40]  When  the 
hyperfine  splitting  constants  obtained  frcxn  the  spectrum  in  Figure 
2-20  are  conpared  to  literature  values [48, 49]  of  known  spin  trapped 
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Figure  2-20.     Radiccil  cxi  AlCl2-Si02  Spin  Tr^:ped  Using  CMPO 
in  Toluene. 
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Figure  2-21.     EER  Siirulaticai  of  Radical  ar\  AlCl2-Si02. 
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radicals  with  EMPO,  it  is  found  that  the  EIR  spectrvm  of  Figure  2- 
20  is  for  the  benzyl  radical  and  not  the  radical  on  the  surface  of 
the  catalyst.  These  results  suggest  that  the  radical  on  the  surface 
is  delocalized  by  the  inorganic  oxide  matrix  resulting  in  a 
relatively  stable  free-radical  v*iich  is  not  capable  of  being  spin 
trapped  by  CMPO. 

It  has  been  r^»rted  in  the  literature  that  conpounds  such  as 
AI2CI6  act  as  one-electron  oxidizing  agents  towards  electron  rich 
substrates. [43,50,51]  A  solution  of  aluminum  chloride  and 
dichlorcmethane  is  capable  of  oxidizing  any  substrate  vMch  has  a 
first  (adiabatic)  ionization  energy  belcw  8  eV.  The  first  , 
icaiizaticai  energies  for  all  the  solvents  used  to  pr^are  the 
catalyst  are  well  above  8  eV[52]  vAiich  suggests  that  the  radicals 
are  not  derived  from  the  one-electron  oxidation  of  solvent  molecules 
v*u.ch  are  then  adsorbed  onto  the  catalyst  surface.  Since  the  first 
ionizaticai  energies  for  the  elements  silicon,  aluminum,  titanium, 
magnesium  and  boron  are  8.3  eV[46,52,53]  it  is  reasonable  to 
suggest  that  the  radical  is  derived  from  the  one-electron  oxidation 
of  the  support.  The  radical  species  generated  on  the  su5)port  are 
deloccilized  throu^out  the  inorganic  oxide  matrix  causing  the 
radical  to  be  unreactive.  Because  the  EER  spectrum  of  the  radical 
species  cti  aluminum  chloride  treated  silica  gel  made  in  refluxing 
carbon  tetrachloride  shews  no  hyperfine  splitting  even  at  4  K  the 
radical  is  most  likely  oxygen  based.  The  inability  to  spin  trap  the 
radical,  the  absence  of  any  radical  chemistry  in  the  cracking  of 
hydrocarbons  and  the  absence  of  radical  initiated  polymerizations 
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all  seaport  the  idea  of  delocalized  radical  species  on  the  catalyst 
surface.  Ihe  radical  chemistry  in  the  cracking  of  hydrocarbons  and 
the  radical  initiated  polymerizations  will  be  discussed  later  in 
this  chapter. 

Our  catalyst  is  pr^ared  by  the  reaction  of  silica  gel  with 
alvmiinum  chloride  in  a  2:1  ratio  by  weic^t.  This  corresponds  to  a 
4.4:1  mole  ratio  of  silica  gel  to  aluminum  chloride.  Using  this 
ratio  we  have  calculated  a  formula  wei^t  of  3977.1  grams/mole 
correspcaiding  to  a  formula  unit  of  Si44088AlioCl2o-  Ihe  catalysts 
sent  for  magnetic  suso^jtibility  measurements  [54]  were  the  catalysts 
pr^jared  in  carbon  tetrachloride  and  benzene.  For  the  catalyst  made 
in  carbCTi  tetrachloride  there  were  0.246  unpaired  electrons  per 
formula  vmit  and  the  catalyst  made  in  benzene  had  0.289  urpaired 
electrons  per  formula  unit.  A  second  batch  of  catalyst  made  in 
benzene  had  0.142  impaired  electrons  per  formula  imit  indicating 
that  the  radicals  are  not  very  concentrated  and  that  the  radical 
concentration  does  not  change  significantly  v*ien  the  catalyst 
pr^araticai  is  changed.  Ihis  also  indicates  that  the  radical 
concentration  does  not  correlate  with  catalytic  activity.  The 
catalyst  pr^ared  in  carbon  tetrachloride  is  a  very  active  acid 
cracking  catalyst  and  the  catalyst  prepared  in  benzene  is  about  5 
orders  of  magnitxide  Icwer  in  activity;  however,  the  number  of 
unpaired  electrons  per  formula  unit  is  approximately  the  same.  The 
radical  concentraticxi  does  not  correlate  with  the  catalytic  activity 
of  the  catalysts. 


64 
TitratJCTi  of  Strong  Acid  Sites  with  Pyridine 

A  series  of  CcLLorimetric  titrations  in  addition  to  the  infrared 
and  NMR  studies  were  performed  on  several  of  the  solid  acid 
cat^llysts.  Ihe  purpose  of  the  titrations  was  to  measure  the 
enthalpy  of  binding  of  pyridine  to  the  acid  sites  present  on  the 
catalyst  surface.  Pyridine  was  used  as  the  titrant  and  the 
procedure  was  the  same  as  previously  described  in  the 
literature. [55-57] 

Ihe  first  material  titrated  was  the  catalyst  prepared  by 
refluxing  Si02  and  AI2CI6  in  dry  CCI4  under  an  N2  atmosphere. 
Results  from  the  titrations  indicated  that  the  enthalpy  of  binding 
of  pyridine  to  the  first  13.6%  of  the  surface  acid  sites  ranged  from 
48.2  Kcal/iiole  to  17.1  Kcal/roole.  The  average  enthalpy  of  binding 
measured  for  the  acid  sites  titrated  was  36.0  Kcal/mole.  This  value 
is  ocmsistent  with  the  values  reported  in  the  literature  by  other 
workers  for  amorphous  silica-alumina,  aluminosilicates  and 
zeolites. [17, 18] 

Ihe  secOTxi  material  was  a  catalyst  pr^ared  by  ref luxing  a 
palladium  chloride  doped  silica  gel  and  aluminum  chloride  in  CCI4 
under  an  N2  atmosphere.  Results  from  the  titrations  indicated  that 
the  enthalpy  of  binding  from  the  first  11.8%  of  the  surface  sites 
ranged  from  45.0  Kcal/mole  to  23.9  Kcal/mole.  The  average  enthalpy 
of  binding  measured  for  the  acid  sites  titrated  was  36.5  Kc::al/mole. 
■niis  indicates  that  the  strength  of  the  acid  sites  on  the  catalyst 
are  not  affected  by  the  addition  of  a  metal  chloride.  This  finding 
is  in  agreement  with  a  r^wrt  in  the  literature  on  a  palladium 
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Icaaded  zeolite.  [22]  Additional  work  is  being  cxsncJucted  on  the 
titration  of  the  solid  acids  and  will  be  r^xDrted  in  the  future.  [58] 

Catalytic  Cracking  of  Hydrocarbons  by  a  New  Solid  Acid  Catalyst 
System 

the  preparatioi  and  use  of  strong  acid  cateilysts  and  superacids 
are  active  areas  of  research  for  iscmerization,  cracking, 
hydrocracking,  dehydration,  alkylation,  acylation,  polymerization, 
conversion  of  methanol  to  gasoline,  and  so  forth.  [6]  Because  of  the 
r^xDrted  advantages  of  solid  acids, [5]  recent  research  has  been 
focused  on  the  pr^jaration  and  characterization  of  stronger  solid 
acids.  In  view  of  the  hi^er  acidities  associated  with  tetrahedral 
ccmpared  to  octahedral  aluminum  Lewis  acids,  solid  acid  catalysts 
were  pr^)ared  containing  stable  tetrahedral  aluminum  sites.  Since 
one  of  the  largest  uses  of  solid  acid  catalysts  is  in  the  area  of 
catalytic  cracking [2, 3, 59],  the  solid  materials  prepared  in  the 
experimental  section  of  this  chapter  were  used  for  various  catalytic 
cracking  reactions  in  both  gas-solid  flow  reactors  and  liquid-solid 
batch  reactors. 

Reaction  of  a  Silica  Gel  Treated  with  Aluminum  Chloride  and  Various 
Straicdit  Chain  Hydrocarbons  in  a  Fixed  Bed  Flow  Reactor 

The  initial  ei^jeriments  for  the  cracking  of  hydrocarbons  were 
performed  using  a  fixed  bed  flow  reactor  as  described  in  the 
experimental  section  of  this  chapter. 

The  first  reaction  conducted  was  the  cracking  of  n-pentane  with 
an  AlCl2-Si02  catalyst  pr^jared  in  CCI4.  Represented  in  Figure  2-22 
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is  a  GC  chroroatxDgram  of  the  effluent  gas  from  the  reac±ion  of  n- 
pentane,  HCl  and  hydrogen  in  a  2.5:4:1  ratio  by  volume  with  a  flow 
rate  of  1  inI/17  sec  at  175 °C.  Products  were  trapped  at  -78 °C  using 
a  Dry  loe-acetCTie  bath  and  sanples  were  taken  using  a  gas-tight 
syringe.  At  this  flew  rate  the  ratio  of  methane,  prcpane, 
isobutane,  n-^xrtane  and  iscpentane  to  n-pentane  is  low  and 
correspcxids  to  less  than  15%  conversion.  If  the  flow  rate  is  slowed 
by  a  factor  of  2  so  that  the  residence  time  of  the  reactants  on  the 
catalyst  is  doubled  a  marked  increase  in  the  percent  conversion  is 
observed,  Figure  2-23.  Ihe  increased  conversion  upon  increasing  the 
residence  time  of  the  reactants  with  the  catalyst  is  not  unejq^ected 
and  is  a  ccntnon  phencmenon  of  fixed  bed  flow  reactors.  An  activity 
curve  for  the  reaction  an  AlCl2-Si02  catalyst  with  n-pentane  is 
shown  in  Figure  2-24.  IXiring  the  progress  of  the  catalytic  reaction 
there  is  an  initial  increase  in  activity  viiich  is  followed  by  a 
decrease  in  activity  of  1:53  to  three  orders  in  magnitude.  After 
approximately  8  hours  the  catalyst  reaches  a  near  steacfy-state 
activity  \*4iicii  decreases  slowly  with  time.   The  activity  of  the 
catalyst  is  similar  to  other  cracking  catalysts  that  are  reported  in 
the  literature.  [2,3]  Ihe  initial  activity  can  be  ejqalained  by  the 
presence  of  a  few  hi^ily  acidic  sites  on  the  catalyst  vfeLch  ejdiibit 
hi^  activity  but  rapidly  deactivate  frcm  coke  formation.  After  the 
initial  surge  in  activity  the  less  acidic  site  exhibit  a  lower 
activity  for  cracking  and  a  lower  rate  of  coke  formation  vv*iich 
causes  the  activity  to  remain  almost  constant  with  time.  The 
activity  of  these  less  acidic  sites  decrease  with  time  and, 
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reaction  products 

a  :  methane 

c  :  propane 

d  :  isobutane 

e  :  n -butane 
f  :    isopentane 

g  :  n-pentane 
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Figure  2-22.  GC  Qircmatogram  from  the  Reactioi  of  n-Pentane 
with  a  Solid  Acid  Catadyst  at  Fast  Flow  Rates. 
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reaction  products 

a  :  methane 

b  :  ethylene 

c  :  propane 

d  :  isobutane 

6  *  n-butane 

f  '•  isopentane 

g  :  n-pentane 


Figure  2-23.     GC  Chranatogram  frcm  the  Reactican  of  n-Pentane 
with  a  Solid  Acid  Catalyst  at  Slow  Flow  Rates. 
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Figure  2-24.  Activity  Curves  for  the  Reaction  of  n-Pentane  with 
a  Solid  Acid  Catalyst  at  175 °C. 
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after  24  hours  with  n-pentane  as  the  feed,  the  catalyst  exhibits 
only  minimal  activity  for  cracking. 

The  activaticMi  energy  for  the  cracking  of  n-^)entane  is  greater 
than  36.6  Kcal/iiole  v*iich  favors  the  formation  of  coke.  [2,3]  As  the 
chain  length  of  the  hydrocarbon  is  increased,  the  activation  energy 
required  to  crack  the  hydrocarfcon  decreases  with  increase  in  the 
rate  of  reacticai  and  decrease  in  the  amount  of  coke  formation.  The 
activation  energy  for  n-h^)tane  is  29.4  Kceil/mole  and  n-octane  has 
an  activaticxi  energy  of  24.9  Kcal/mole.  [3]  For  hydrocartxjns  with 
chain  lengths  Icaiger  than  8  cartxMis  the  activation  energy  does  not 
decrease  significantly  below  that  of  n-octane.  [3] 

Ihe  next  substrate  to  be  used  for  a  cracking  reaction  was  n- 
h^jtane.  This  was  to  demonstrate  that  using  a  longer  chain 
hydrocarbcai  would  increase  the  activity  and  the  lifetime  of  the 
catcilyst  over  v*>at  was  exhibited  for  n-pentane.  The  reaction  of  n- 
h^jtane,  HCl  and  hydrogen  in  a  1:4:0.1  ratio  by  volume  was  conducted 
at  175° C  in  a  fixed  bed  flow  reactor.  Products  were  collected  at  - 
78  °C  using  a  Dry  Ice-acetone  bath  and  identified  by  GC  and  GC/MS. 
Figure  2-25  represents  a  GC  chrcmnatogram  for  the  cracking  of  n- 
h^jtane  by  an  AlCl2-Si02  solid  acid  catalyst  prepared  in  CCI4.  The 
mass  spectra  of  the  products  from  the  reaction  of  n-heptane  with  an 
AlCl2-Si02  solid  acid  catalyst  are  shewn  in  Figures  2-26  to  2-30. 
The  major  products  of  this  reaction  are  prcpane,  isobutane  and  n- 
butane  with  minor  amounts  of  n-pentane,  isopentane,  ethane  and 
methane  being  produced.  In  addition  to  the  products  listed  above, 
trace  quantities  of  2-methylhexane  were  detected  by  GC/MS  as  a 
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product  of  the  reaction  and  no  other  products  were  detected.  An 
activity  curve  for  the  cracking  of  n-heptane  by  an  AlCl2-Si02 
catalyst  pr^jared  in  OCI4  is  shown  in  Figure  2-31.  The  activity 
curve  for  n-h^jtane  is  sianilar  to  the  activity  curve  for  n-pentane 
and  shews  that  the  catalyst  exhibits  the  same  catalytic  behavior  for 
the  two  hydrocarfcon  substrates.  Ihe  catalyst  used  in  the  cracking 
of  n-h^itane  e^diibits  an  increase  in  catalyst  activity  for  10  hours 
and  still  shews  considerable  activity  after  90  hours  of  reaction. 
Ihe  longer  time  required  to  reach  a  near  steady-state  production  of 
products  from  n-h^>tane  most  likely  results  from  the  lower  vapor 
pressure  of  n-h^jtane  compared  to  n-pentane  v*iich  leads  to  a  lower 
feed  rate. 

A  siirplified  scheme  for  the  cracking  of  n-heptane  into  the 
major  products  (propane,  iscijutane,  and  n-butane)  is  shown  in  Figure 
2-32.  In  this  scheme  only  reactions  that  proceed  to  the  formation 
of  products  are  represented.  Ihe  first  step  is  the  abstraction  of  a 
hydride  icai  fran  the  hydrocarbon  to  form  a  secondary  carbonium  ion. 
Ihe  next  st^  is  methide  and  hydride  migration  to  form  a  more  stable 
tertiary  carbonium  ion.  After  a  subsequent  2  step  hydride  migration 
the  isonerized  heptane  carbonium  ion  undergoes  a  6-scission  to 
fonrfi-butene  and  the  propyl  carbonium  ion.  Ihe  proRrl  carbonium  ion 
can  abstract  a  hydride  ion  from  a  substrate  molecule  to  propagate 
the  reacticHi  and  form  prcpane  viAiich  is  a  major  product  of  the 
reacticxi.  If  the  propyl  carbonium  ion  losses  a  proton,  propylene 
will  be  formed  Vsiiich  in  the  presence  of  Bronsted  acid 
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products  collected  at  -78  C 


a  b 


a  :  methane 

b:  HCI 

c:  propane 

d :  isobutane 

e :  n-butane 

f :  isopentane 

S:  n-pentane 
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Figure  2-25.  GC  Qironatogram  from  the  Peacticai  of  n-H^Jtane 
with  a  Solid  Acid  Catalyst  at  175  °C. 
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Figure  2-26.     Mass  Intensity  R^x>rt  for  Prcpane. 
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Figure  2-27.     Mass  Intensity  R^xart  for  Isofcutane. 
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Figure  2-28.     Mass  Intensity  R^jort  for  n-aitane. 
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Figure  2-29.     Mass  Intensity  R^xjrt  for  Iscpentane. 
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Figure  2-30.  Mass  Intensity  Report  for  n-Pentane. 
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Figure  2-31.  Activity  Curves  for  the  Reacticxi  of  n-H^>tane  with 
a  Solid  Acid  Catalyst  at  175 °C. 
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Figure  2-32.  A  Sinplified  Scheme  for  the  Cracking  of  n-Heptane. 
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sites  OTi  the  catalyst  surface  will  be  reprotonated  and  reenter  the 
reaction  scheme. 

The  n-butene  fomved  fron  the  fi-scission  of  the  n-heptane 
carbonium  ion  could  be  protonated  by  a  Bronsted  acid  site  to  form  a 
seocxidary  butyl  ceirbonium  ion.  The  butyl  carbonium  ion  can  then 
abstract  a  hydride  ion  from  a  substrate  molecule  to  form  n-butane 
v*iich  is  one  of  the  major  products.  Ihe  secondary  butyl  carbonium 
icai  may  eilso  undergo  a  methyl  and  hydride  migration  to  form  the 
isobutyl  carixHiium  ion  v*iich  will  abstract  a  hydride  ion  to  form 
isobutcine. 

All  of  the  reaction  st^js  deleted  in  the  sinplified  scheme  are 
well  documented  in  the  literature  and  are  generally  accepted  as 
st^xs  in  cracking  catalysis.  An  in  d^ath  study  of  the  various 
reacticHTS  that  can  occur  during  cracking  reactions  is  outside  the 
scope  of  this  dissertation  and  detailed  reviews  of  this  chemistry 
may  be  found  in  the  literature. [2,3,42,44] 

Many  other  reactions  may  occur  simultaneously  such  as 
polymerizaticai  reactions  involving  the  reaction  of  olefins  with 
carbOTiium  ions  to  form  high  molecular  wei^t  hydrocarbons  that  may 
be  recracked  to  smaller  hydrocarbons.  It  was  indicated  in  the 
reacticai  scheme  that  hydride  abstraction  from  substrate  molecules  is 
a  facile  reaction.  Ihis  hydride  ion  abstraction  from  hydrocarbon 
substrate  molecules  is  the  source  of  coke  formation  v^iich  is  the 
leading  cause  of  catalyst  deactivation  for  catalytic  reactions 
involving  solid  acid  catalysts. [2,3]  Ihe  formation  of  coke  is 
initiated  by  adsorption  of  a  hydrocctrbon  molecule  onto  the  catalyst 
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surface  followed  by  r^id  hydride  ion  abstraction  to  form  a  hi^ily 
imsaturated  hydrocarbcai  with  a  lew  IVC  ratio  which  can  no  longer 
desorb  from  the  catalyst  surface.  [3]  Ihis  adsorbed  hydrocaiton 
molecule  eventually  will  form  a  polymeric  film  that  will  cover  the 
surface  of  the  catalyst  blocking  the  active  centers  and  deactivating 
the  catalyst. [2] 

If  the  reactions  of  various  hydrocarbons  are  conducted  with 
carbcai  tetrachloride  as  the  chlorine  source  in  place  of  hydrogen 
chloride  the  same  catalyst  selectivity  is  observed  y  '^vtien  the 
catcilyst  exhibits  a  greater  stability  and  a  longer  lifetime  v*ien 
carbOTi  tetraciiloride  is  lased  as  the  chlorine  source.  Since  the 
catalyst  is  pr^»red  in  carbon  tetrachloride  an  increase  in  catalyst 
stability  should  result  v^en  it  is  used  as  a  chlorine  source.  There 
are  several  reasons  v*iy  the  use  of  OCI4  as  a  chlorine  source  may 
lead  to  greater  catalyst  stability.  One  reason  may  be  that  CCI4 
stabilizes  the  aluminum-chlorine  bonds  on  the  catalyst  in  the  same 
manner  described  in  the  catalyst  pr^aration  section.  Another 
reascai  may  be  that  CCI4  regenerates  the  catalytically  active  species 
v*uch  is  deactivated  v*ien  the  catalyst  abstracts  a  hydride  ion  from 
a  hydrocarbon  substrate. 

VJhen  carbcai  tetrachloride  is  used  as  the  chlorine  source 
hydrogen  chloride  and  chloroform  cire  detected  in  the  product  stream. 
The  amount  of  chloroform  generated  in  the  reaction  is  of  the  same 
order  of  magnitude  as  the  amount  of  substrate  cracked.  With  this 
inf ormaticai  a  mechanism  for  the  catalytic  cracking  of  hydrocarbons 
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in  the  presencse  of  OCI4  can  be  proposed  and  is  presented  in  Figure 
2-33. 

It  is  generally  acx::^3ted  that  the  cracking  of  hydrocarbons 
proceeds  via  the  generaticxi  of  carbonium  ions  throu^  the 
protiCTiation  of  alkenes  by  Bronsted  acid  or  hydride  ion  abstraction 
frcm  saturated  hydrocarbons  with  Lewis  acids.  [2,3]  In  the  mechanism 
proposed  in  Figure  2-33  the  Bronsted  acid  sites  are  not  depicted 
because  they  eire  not  crucial  to  the  catcilytic  cycle. 

The  first  st^  in  the  reaction  would  be  the  abstraction  of  a 
hydride  ion  and  the  generation  of  an  alkyl  carbonium  ion.  During 
this  reacticxi  the  chloroaluminum  species  would  accept  the  hydride 
icxi  and  decrease  the  interaction  between  the  lone  pair  of  the 
bridging  oxygen  and  the  aluminum.  Ihe  chloroaluminum  hydride 
species  formed  would  have  to  be  regenerated  to  the  starting 
chloroaluminum  species  to  make  the  process  catcilytic. 

Ihe  process  of  regenerating  the  active  center  could  be  started 
by  attack  of  carbon  tetrachloride  on  the  chloroaluminum  center  to 
generate  a  species  analogous  with  Cl3Cr''AlCl4~  v*iich  is  reported  to 
form  upon  reacticxi  of  ciluminum  chloride  and  carbon 
tetrachloride.  [42-44]  This  species  could  then  dissociate  into  a 
Cl3C^  carbcxiium  ion  and  a  suf^x)rt-0-AlCl3~  anion.  The  Cl3C^ 
carbcxiium  ion  then  may  abstract  a  hydride  ion  frcm  a  substrate 
molecule  propagating  the  cracking  reaction  and  forming  chloroform 
v*iich  is  observed  in  the  productstream.  Another  path  the  Cl-^'^ 
carbcaiium  ion  may  take  is  abstraction  of  the  hydride  from  the 
chloroaluminum  hydride  to  reform  the  active  catalytic  center. 
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A  carbcxiium  icai  that  has  been  generated  by  hydride  abstraction  may 
also  abstract  the  hydride  frcm  the  chloroaluminum  center  reforming 
the  catalyticcdly  active  species  and  a  saturated  hydrocarbon.  The 
chloroaluminum  center  v*iich  reacted  with  carbon  tetrachloride  may  be 
regenerated  by  reaction  with  a  proton  to  liberate  HCl  and  form  the 
catalytically  active  site  or  stay  associated  as  the  HCl  adduct  to 
form  a  BroTsted  acid  site.  The  H+"AlCl4~  species  is  well  documented 
and  at  the  tenperatures  employed  would  dissociate  to  a  great  extent 
to  form  HCl  and  the  original  Lewis  acid  site.  [42,44] 

In  addition  to  catalytic  cracking,  hydrocarbons  may  undergo 
thermal  cracking.  Thermal  cracking  proceeds  by  the  homolytic 
cleavage  of  carbon-carbon  and  carbon-hydrogen  bonds  vdiich  generate 
hydrocarbcai  radicals  that  react  by  a  radical  mechanism.  [2]  The 
products  generated  by  thermal  cracking  are  vastly  different  fron  the 
products  generated  by  catalytic  cracking.  This  is  a  result  of  the 
difference  in  the  stability  of  primary,  secondary  and  tertiary 
radicals  ccmpared  to  carbonium  ions.  The  relative  stability  of 
hydrocarbon  radicals  are  CH3->  1°>  2''>   3°  and  the  relative  stability 
of  carbonium  ions  are  3°>  2°>  1°>  CH3+.[2,3]  For  the  cracking  of  n- 
hexadecane  the  products  characteristic  of  radical  cracking  include 
large  amounts  of  C^  hydrocarbons,  C2  hydrocarbons  are  the  major 
products,  olefins  larger  than  C4  are  present  in  the  product  stream 
and  no  brandied  chain  hydrocarbcns  are  present.  [2]  The  products 
ciiaracteristic  of  carbonium  ion  type  chemistry  for  the  cracking  of 
n-+iexadecane  are  small  amounts  of  C^  and  C2  hydrocarbons,  C3  to  Cg 
are  the  major  products,  no  olefins  larger  than  C4  are  detected  in 
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the  product  stream  and  branched  chain  paraffins  are  present  in  the 
product  stream. [2,3]  i 

When  the  product  distribution  for  the  cracking  of  n-pentane  and 
n-h^jtane  is  examined  it  is  found  that  methane  and  C2  hydrocarbons 
are  present  in  small  quantities.  Ihe  major  products  are  propane, 
isobutane  and  n-butane(C3-C4  hydrocarbCTis)  with  minor  amounts  of  C5 
and  hitler  hydrocarbons  present  in  the  product  stream.  This  type  of 
product  distribution  is  consistent  with  a  carbonium  ion  mechanism 
and  si^rports  the  mechanism  prt^xjsed  for  the  catalytic  cracking  of 
hydrocarbcMTS.  To  further  clarify  the  mechanism  for  the  cracking  of 
hydrocarbons  the  cracking  of  isctoutane  was  studied. 

The  cracking  of  isctoutane  has  been  shown  to  be  a  convenient 
method  of  determining  the  mechanism  of  cracking  reactions  involving 
solid  acid  catalysts.  [61,62]  Research  conducted  by  McVicker  and  co- 
workers demonstrated  that  iscixitane  will  form  different  products 
d^jending  on  the  method  of  activation.  If  iscbutane  is  activated  by 
hydrogen  atom  abstraction  the  resulting  products  will  be    i 
isobutylene,  propylene,  methane  and  hydrogen.  If  the  isobutane  is 
activated  by  abstraction  of  a  hydride  ion  the  resulting  prxDduct 
mixture  will  be  ccmplex  and  includes  iscAxitylene,  n-butane,  isomers 
of  tutene,  prcpane,  propylene,  methane,  hydrogen  and  C5(+) 
hydrocarbons  formed  frcm  the  reaction  of  carbonium  ions  with  the 
olefins  in  the  reaction  mixture.  Ihe  presence  of  the  C5(+) 
hydrocarbons  is  the  best  indication  of  a  carbonium  ion  mechanism  and 
is  distinctly  different  frcm  the  products  formed  by  a  radical 
mechanism. 
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When  isofcutane  is  reacted  with  the  aluminum  chloride  treated 
siliccn  dioxide  catalyst  pr^aared  in  carbon  tetrachloride  a  conplex 
mixture  of  hydrocartxDns  is  formed  viiich  includes  C^(+)   hydrocarixjns. 
A  list  of  the  products  identified  by  GC  and  GC/FITR  are  shown  in 
Table  2-2.  As  seen  in  Table  2-2  C^{+)   hydrocarbons  are  formed 

giving  definitive  evidence  for  a  carbonium  ion  mechanism  and  the 

I 
catalytic  cracking  of  hydrocarbons. 

Scjne  of  the  other  substrates  used  in  the  fixed  bed  flow  reactor 
include  n-hexane,  dodecane,  n-hexadecane,  puitp  oil,  activated  carbon 
(ciiarcoal) ,  Pennsylvania  soft  coal,  resid,  methanol  and  dimethyl 
ether. 

The  reactions  involving  the  saturated  hydrocarbons  gave  results 
similar  to  those  cistained  for  n-pentane  and  n-heptane.  In  all  cases 
the  major  products  were  C3-C4  hydrocarbons  with  C^  and  C2 
hydrocarbcais  present  in  minor  amounts.  The  teitperatures  enployed 
for  the  reactions  ranged  frcan  110° C  to  250  °C  and  catalyst  activity 
increased  with  increasing  teirperature. 

Methanol  and  dimethyl  ether  act  as  bases  toward  the  acid 
catalyst  and  shortened  the  lifetime  of  the  catalyst  considerably. 
Ihe  major  product  of  the  methanol  and  dimethyl  ether  reactions  is 
methyl  chloride  vAiidi  undergoes  secondary  reactions  to  form  larger 
chain  hydrocarbOTi  and  oxygenated  products. 

Activated  carbon  and  soft  coal  reacted  to  give  methane,  methyl 
chloride  and  ethyl  chloride  vhich  arise  frcm  the  cracking  of  methyl 
and  ethyl  side  chains  in  the  structures  of  the  two  materials. 
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Table  2-2.  Products  ODtained  by  Cracking  Isobutane. 

VAJGR  FRDDUCTS  MINOR  FRJDUCTS 
Prcpane  Methane 

n-Butane  Ethane 

2-Methylbutane  Ethylene 

n-Ffentane  2 , 2 , 4-Tritnethylpentane 

3-Methylpentane  2 , 2 ,  S^Trimethylpentane 

2,2, 4-triinethylhexane 


!:■■ 
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lastly,  resid  v*ien  reacted  with  the  solid  acid  catalyst  gave 
C1-C5  aliphatic  hydrocarbons  and  various  arcmatic  ccaipounds.  A 
typical  gas  chrcroatograph  for  the  cracking  of  r^id  is  shown  in 
Figure  2-34.  The  major  products  obtained  fraon  the  reaction  include 
methane,  ethylene,  methyl  chloride,  isobutane,  ethylchloride, 
dilorcpncpane,  isopentane  and  benzene.  Extensive  investigations  of 
these  reactions  were  not  conducted  due  to  the  ccnplexity  of  the 
systems  and  are  reported  here  only  as  exaitples  of  other  substrates 
that  have  been  used. 


Reactions  of  Various  Aluminum  Chloride  Functionalized  Inorrjanic 
Oxides  with  Hydrocarbons  in  a  Batch  Reactor 

Several  disadvantages  arise  fron  using  the  fixed  bed  flow 

reactor  discussed  in  the  previous  section  for  the  conversion  of 

hydrocarbons.  Ihe  major  disadvantage  was  that  constant  and  steady 

flow  rates  could  not  be  c*)tained  using  butfclers  to  introduce  gaseous 

reactants  into  the  system.  Quantitative  values  for  the  amounts  of 

eacii  reactant  had  to  be  based  on  the  number  of  butbles  entering  the 

system  in  a  given  time  period.  Another  disadvantage  is  that  the 

hydrocarbon  reactant  had  to  be  introduced  by  bubbling  the  reactant 

gases  through  the  hydrocarbon.  In  this  manner  the  reactant  gases 

could  be  saturated  with  the  hydrocarbon  vapors  and  then  would  be 

reacted  with  the  catalyst.  The  amount  of  hydrocarbon  present  was 

d^)endent  ot  the  flow  rate  of  the  gases  and  the  vapor  pressure  ofthe 

hydrocarbon.  For  these  reasons  a  quantitative  analysis  of  the 

system  could  not  be  performed  and  ccnparison  of  different  catalysts 


':'m 
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Reau:tion  Products 


a  b  c  d  e 


a: 

Methane 

b: 

Ethylene 

c: 

Methyl  Chloride 

d: 

Isobutane 

e: 

Ethyl  Chloride 

f: 

Chloropropane 

g: 

Isopentane 

h: 

Benzene 

i 


a 


M 


MINUTES 


Figure  2-34. 


GC  Chranatcjgram  fran  the  Cracking  of  Resid  with  a 
Solid  Acid  Catalyst  at  175  °C. 


"  ■•■^f 
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cxxild  not  be  vmdertaken  because  of  the  variations  in  reaction 
OOTditiOTS.  The  data  obtained  frcm  the  previous  systems  should  only 
be  used  to  demonstrate  the  feasibility  of  using  a  catalyst  for  a 
particular  reaction  and  a  detailed  stucty  to  ccmpare  the  activities 
of  various  catalysts  should  be  conducted  in  a  more  controlled 
envircxTment. 

Ihe  batch  reactions  were  conducted  in  a  Parr  pressure  bottle 
^paratus,  v*ach  has  been  described  previously.  [36,63]  Atypical        :A' 
probe  molecule  used  in  testing  the  activities  of  solid  acid 
catalysts  is  the  cracking  of  n-hexadecane.  [2,3]  Since  the  rates  of 
cracking  are  affected  by  the  amount  of  olefin  present [2 3, 64]  care 
had  to  be  taken  to  ensure  no  olefins  were  present  in  the  starting 
hydrocarbon.  The  n-hexadecane  (Aldrich  Chemical  Ccirpany)  was  99+% 
n-+»exadecane  with  the  inpurities  being  saturated  branched  chain 
isoners.  This  was  confirmed  by  GC  analysis  and  this  source  of 
hydrocart»n  has  been  r^xDrted  by  other  workers  to  be  free  of  any 
olefin  iirpurities.  [64] 

The  cracking  reactions  were  conducted  in  a  250  mL  batch  reactor 
losing  50  mL  of  a  1.195  M  n-hexadecane  in  carbon  tetrachloride 
solution,  1  to  1.5  grams  catalyst  and  25  psig  H2  for  18  hours  at 
100 °C.  Ihe  results  for  the  cracking  of  n-hexadecane  at  100 °C  by 
various  aluminum  chloride  functionalized  inorganic  oxides  prepared 
in  carixn  tetrachloride  are  presented  in  Table  2-3. 

Ihe  batcii  reactor  is  a  closed  system  and  previous  work  [65]  has 
shown  that  cracking  approaches  an  equilibrium  vs*iich  v^en  conducted 
in  a  closed  system  would  hinder  the  progress  of  the  desired 
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Table  2-3.     Activities  for  Different  AlCl2-Fur>c±ionalized 
Si^jports. 


X^ 


FROPANEJ^ 


Si02  4.2  E  -3 
AI2O3  6.2  E  -3 
Silicalite***l.8  E  -2 
B2O3  1.1  E  -2 
Ti02  5.0  E  -8 
MgO  2.4  E  -9 


Si02 

AI2O3 

Zeolite 

Ti02 

B2O3 

MgO 

AICI3 

*  MAra:  IN  0CI4 


8.0  E  -12 

none 
none 
none 
<  10"12 

none 
1.9  E  -2 


** 


UNITS  MOTiy!  PRODUCT 

MDI£S  Al  per  18  hrs 


ISOBLTIANE^ 


7.1  E  -2 
5.3  E  -2 
1.1  E  -1 
5.0  E  -2 
5.0  E  -4 
7.8  E  -5 


n-BUTANE^ 


BIANKS 


5.3  E  -10 

5.3  E  -10 
none 
none 

8.5  E  -10 
none 

8.9  E  -2 


5 

.4  E  -6 

3 

.0  E  -6 

3, 

.3  E  -3 

1, 

.5  E  -5 

none 

none 

2. 

2  E  -9 

1. 

0  E  -9 

none 

none 

< 

10-10 

none 

1.5  E  -4 


*** 


A  hi^  silica  zeolite. 


T  >    ' 
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reacticxi.  In  this  case  the  extent  of  conversion  to  li(^t 
hydrocarbon  products  was  used  as  a  measure  of  catalyst  activity.  As 
the  solid  acid  catcdyst  strength  increases  the  amount  of  light  end 
hydrocartx3n  products  should  increase.  When  the  solutions  and 
atiro^iiere  of  the  cracking  reactions  were  analyzed  after  reaction 
(GC  and  GC/FITR)  it  was  found  that  the  product  selectivity  for  C5 
hydrocartx«TS  was  less  than  that  for  C3-C4  hydrocarbons  with  no  Cg  or 
hitler  hydrocarbons  detected.  Blank  supports  were  pr^>ared  by 
refluxing  the  support  materials  in  a  carbon  tetrachloride  for  3  days 
without  additicai  of  AI2CI6  and  were  also  investigated  xinder 
identical  CCTxUtiais.  Ihe  results  for  the  blank  reactions  as  well 
as  the  reacticxi  of  free  aluminum  chloride  are  shewn  at  the  bottom  of 
Table  2-3.  Ihe  amount  of  aluminum  chloride  used  was  equal  to  the 
amount  of  aluminum  chloride  used  to  pr^aare  1  gram  of  catalyst.  For 
eai  untreated  si^^ports  1  x  10"^  moles  of  n-butane,  1  x  10"^°  moles 
of  isobutane  and  1  x  lO"-^^  moles  of  prcpane  or  less  was  detected. 

The  three  major  products  frcm  the  cracking  of  n-hexadecane  are 
propane,  isobutane  and  n-butane.  As  shewn  in  Table  2-3  the  most 
active  catalysts  are  those  pr^sared  on  silica  gel,  a  high  silica 
zeolite,  boron  oxide  ard  alimuna.  Ihe  next  most  active  catalyst 
after  the  eilumina  based  catalyst  is  the  catalyst  prepared  on 
titanium  dioxide.  Ihe  least  active  catalyst  is  the  magnesium  oxide 
based  catalyst.  Ihe  observed  order  in  activity  is  the  same  as  the 
order  in  the  strengths  of  the  acid  catalysts  as  reflected  in  the 
frequency  shifts  for  the  Lewis  acid  band  of  adsorbed  pyridine  on  the 
solid  acid  catalysts.  Ihis  st^ports  the  mechanism  for  the  catalytic 
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cracGdng  whicii  is  based  on  hydride  abstraction  f ran  a  hydrocarbon 
molecule.  As  the  Lewis  acid  strength  of  the  catalyst  increases  the 
more  favorable  the  hydride  abstraction.  As  the  hydride  abstraction 
capability  increases  the  cracking  reaction  beccntes  faster  and  is 
reflected  in  the  greater  conversion  of  substrate  and  the  larger 
peroentage  of  li^t  hydrocarbons  formed.  In  all  cases  the  catalysts 
are  iructi  more  active  than  the  untreated  si^ports. 

A  blank  reaction  using  aluminum  chloride  led  to  conparable 
activity  for  the  three  major  products  but  was  very  unselective 
leading  to  large  amounts  of  C5-C15  products  and  a  high  molecular 
wei^t  tar.  The  aluminum  chloride  reaction  also  liberated  large 
quantities  of  hydrogen  chloride  gas  and  is  extremely  corrosive  to 
the  reactor.  After  one  reaction  using  free  aluminum  chloride  the 
valves  and  pressure  gauge  of  the  pressure  head  were  corroded  to  the 
point  that  they  could  not  be  used  again.  Ihe  reactions  using  the 
aluminum  chloride  functionalized  si;5ports  have  been  run  in  the 
pressure  reactor  more  than  a  hundred  times  with  no  significant 
corrosion  to  the  pressure  head,  ihe  solid  acids  are  much  more 
selective,  do  not  form  the  hi^  molecular  wei(^t  tar,  are  not 
corrosive  to  the  reactor  and  no  dissolved  aluminum  chloride  is  found 
in  the  product  solution.  A  typical  fluid  cracking  catalyst  (LZ-Y82 
zeolite)  run  under  these  conditions  produces  no  observable  cracking 
products.  ! 

Ihe  results  for  the  catalytic  cracking  of  n-hexadecane  in 
carbon  tetraciiloride  using  catalysts  prepared  in  different  solvents 
with  siliccxi  dioxide  as  the  si^port  are  shown  in  Table  2-4.  The 


Table  2-4. 
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Activities  for  AlCl2-Si02  Catalysts  Pr^jared  in 
Different  Solvents. 


SOLVENT- 

FROPANE^ 

ISOBUIANE^ 

ocr4 

4.2  E-03 

7.1  E-02 

CHC13 

6.0  E-09 

4.1  E-05 

CH2C12 

1.8  E-08 

7.1  E-07 

C1CH2CH2C1 

2.4  E-08 

ncne 

CeHe 

1.0  E-08 

TtariB 

n-BUTANE^ 


5.4  E-06 

4.1  E-05 

3.3  E-07 

none 

none 

*  All  reacticMTs  run  in  50  ml  1.195  M  n-hexadecane  in  CCI4  @  100 °C 
and  25  psig  H2. 


** 


UNITS  M3IES  FRODUCT 

MDIES  Al  PER  18  HRS 
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catalyst  prepared  in  caitxjn  tetrachloride  is  the  most  active.  When 
the  catalyst  is  pnqjared  in  other  solvents  a  significant  decrease  in 
the  catcilyst  activity  is  cisserved  thou^  the  cat£LLysts  are  still 
more  active  than  the  untreated  svjpports.  The  catalyst  activities 
follow  the  trend  in  the  frequency  shift  for  the  Lewis  acid  band  for 
pyridine  v^iich  is  consistent  with  the  observations  reported  for  the 
catalysts  prepared  cai  different  si;?3ports. 

Based  on  the  previous  results  of  the  previous  reactions 
experiments  have  been  conducted  to  determine  vAiat  reaction 
CCTiditicaTs  are  needed  to  optimize  the  solid  acid  cracking  catalyst. 
Ihe  previous  ejqjeriments  varied  the  si5:port  ccnposition  and  the 
solvent  used  to  pr^are  the  catalyst.  Frcm  these  ejqseriments  it  was 
determined  that  the  silicon  dioxide  based  catalyst  was  the  most 
active  and  that  the  best  solvent  to  pr^jare  the  catalyst  was  carbon 
tetrachloride.  Ihe  next  eiqjeriments  conducted  focused  on  the 
variatioi  of  the  wei(^t  percent  aluminum  chloride  and  the  surface 
area  of  the  st^^port.  Experiments  were  conducted  to  determine  what 
the  effects  of  pressure,  hydrogen  and  hydrogen  chloride  had  on  an 
active  catalyst  under  reaction  conditions. 

Ihe  amount  of  aluminum  chloride  used  was  10,  20  and  50  weight 
percent  for  the  eJ5)eriments  involving  variaticxi  of  catalyst  loading. 
SiliccMi  dioxide  was  used  as  the  support  and  was  treated  identically 
for  each  catalyst.  The  solvent  used  to  pr^jare  each  catalyst  was 
OCI4  and  the  AI2CI6  solutions  were  refluj^d  2-3  days.  All  catalysts 
were  run  in  a  Parr  pressure  reactor  at  100°C  and  25  psig  H2  in  50  itiL 
of  a  1.195  M  solution  of  n-hexadecane  in  carbon  tetrachloride  using 
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1  to  1.5  grams  of  catalyst.  Products  were  monitored  by  GC  and 
GC/FTIR.  Activities  of  the  catalysts  were  calculated  accorxiing  to 
the  amounts  of  prcpane,  isobutane  and  n-butane  preduced.  Shown  in 
Table  2-5  are  the  product  distributions  for  the  various  catalysts 
and  Table  2-6  contains  the  calculated  activities  of  the  catalyst  for 
prcpane,  isofcutane  and  n-butane. 

As  can  be  seen  in  Table  2-5,  when  decreasing  the  loading  of 
aluminum  ciiloride  from  50  wt%  to  20  wt%  a  sli^t  shift  in  product 
distribution  occurs  and  is  most  proixxinced  for  the  C5  products.  A 
further  decrease  in  the  loading  from  20  wt%  to  10  wt%  shows  a 
drastic  ctiange  in  prcxiuct  distribution.  The  C^  and  €3  products 
produced  are  obtained  only  in  trace  amounts.  The  sli^t  shift  in 
product  distribution  on  changing  the  loading  of  aluminum  chloride 
frcm  50  wt%  to  20  wt%  may  be  related  to  the  number  and  proximity  of 
the  acid  sites  on  the  catalyst  surface  as  well  as  the  composition  of 
the  chloroaluminum  species.  On  a  catalyst  with  a  high  loading,  such 
as  the  50  wt%  aluminum  chloride  catalyst,  a  substrate  molecule  may 
be  adsort)ed  onto  several  active  sites  sijmiltaneously  v*iich  will 
result  in  a  longer  contact  time  with  the  catalyst  surface  and  a 
larger  number  of  small  chain  products. 

When  the  activities  of  the  50  wt%  and  20  wt%  catalysts  are 
cxjipared  (Table  2-6)  it  is  seen  that  the  catalyst  is  two  orders  of 
magnitude  hi^er  in  activity  than  the  20  wt%  catalyst.  The 
activities  calculated  are  corrected  for  the  number  of  moles  of 
aluminum  chloride  present  so  the  activities  would  be  the  same  if 
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Product  Distribution  for  Catalysts  with  Varying 
Peroents  of  Aluminum  Chloride  on  Silicon 
Dioxide. 


Si02 


10  wt% 
C3^IALYST 


20  wt% 
CATALYST 


50  wt% 
CATALYST 


^^txx:T    %  roocuCT*    %  product*    %  froduct^    %  product* 


METHANE  61.849 
EIHYUNE   none 

EIHANE  21.829 

HCl  none 

FRDPANE  0.099 

MeCl  7.471 

ISOBUTANE  2.259 

n-BUIANE  6.493 

ISOPENTANE  ncaie 


87.460 
5.540 
none 
7.000 
none 
none 
none 
none 
none 


0.808 

0.147 

none 

0.134 

2.446 

none 

70.283 
none 

26.182 


0.518 

0.056 

0.010 

none 

6.655 

none 

75.466 
1.444 

15.851 


*  %  Product  as  represented  by  integrated  areas  of  product  peaks 
using  an  integrating  recorder. 


■  M 


<  f./y. 
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Table  2-6.  Activities  for  Catalysts  with  Varying  Ffercents  of 
Aluminum  Chloride  on  Silicon  Dioxide. 


FRODUCT 
PROPANE 
ISOBOTANE 
n-BOTANE 


10  Wt% 
CAIAT.YST 

20  wt% 
CaiALYST 

50  wt% 

CATALYST 

MDTFS  Al 

MnTFy;  Al 

MOTFic!  PRnnrir-r** 
MOTRq  Al 

none 

2.19  E-05 

1.64  E-02 

-^ 

none 

1.50  E-03 

1.62  E-01 

none 

none 

7.98  E-05 

** 


At  the  end  of  18  hours. 
At  the  end  of  14  hours. 


■vu,;.>; 
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there  was  a  first  order  d^sendence  on  the  amount  of  aluminum 
diloride  present.  Since  there  is  a  100  fold  increase  in  activity  on 
proceeding  fran  a  20  wt%  loading  to  a  50  wt%  loading  other  factors 
nust  be  involved.  Ihese  observations  suggest  the  need  for  more  than 
one  acid  site  for  catalysis  and  that  the  active  sites  are  -0-AICI2 
^jecies  and  not  just  any  chloroaluminum  species.  A  significant 
nunfcer  of  -0-AICI2  grai?»  bonded  to  the  surface  hydroxyl  groups  of 
the  silicon  dioxide  would  only  be  formed  at  the  hi(^er  loadings. 
The  catalyst  made  using  a  10  wt%  loading  of  aluminum  chloride  showed 
no  activity  for  cracking  and  gave  only  trace  amounts  of  methane, 
ethylene  and  HCl.  The  activity  of  the  10  wt%  catalyst  is  less  than 
the  blank  reaction  which  involved  dried  silicon  dioxide  that  was 
nefluxed  in  OCI4  and  run  vinder  identical  conditions. 

Experiments  on  the  variation  of  surface  area  involved  the  use 
of  silicon  dioxide  from  AESAR  of  215  m2/gram  and  690  m2/gram  surface 
area  and  cur  original  silicon  dioxide  frcm  Davison  Chemical  (Grade 
62)  viiich  has  a  surface  area  of  320  m^/gram.  Catalysts  were 
pr^jared  using  50  wt%  alvmiinum  chloride  and  run  under  reaction 
conditions  identical  to  those  for  the  experiments  on  the  variation 
of  catalyst  loadings.  Product  distributions  and  catalyst  activities 
for  the  215  m2/gram  and  690  m2/gram  catalysts  are  given  in  Tables  2- 
7  and  2-8  respectively. 

Ihe  product  distributions  for  each  catalyst  are  very  similar 
and  the  activity  of  the  215  m^/gram  catalyst  is  rou^ily  one  order  of 
magnitude  more  active  than  the  690  m2/gram  catalyst.  When  comparing 
the  catalysts  made  using  the  silicon  dioxide  from  AESAR  and  the 
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Table  2-7.  Product  Distribution  for  Catalysts  with  Varying 
Surface  Areas  Using  50  wt%  Aluminum  Qiloride 
on  Silicon  Dioxide. 


215  m^/gram 
CA3ALYST 

690  m^/gram 
CATALYST 

FRDDUCr 

%  FRDDUCr- 
0.110 

%  HRDDUCr- 

MKIHANE 

3.574 

EIHYimE 

0.054 

0.063 

HCl 

0.009 

0.093 

FRDPANE 

0.710 

2.512 

MKiHYLCHIDRira: 

none 

0.176 

ISOBOTANE 

73.463 

71.222 

ISOPENIANE 

25.654 

22.054 

n-PENIANE 

none 

0.306 

*  %  Product  as  represented  by  integrated  areas  of  product  peaks 
using  an  integrating  recorder. 
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Table  2-8.  Activities  for  Catalysts  with  Varying  Surface 
Areas  Using  50  wt%  Aluminum  Qiloride  on 
Silicon  Dioxide. 


FRODUCT 
FRDPANE 
ISOBUIANE 


215  m^/gram 
CATALYST 

%  roODUCT* 


7.68  E-06 
1.46  E-03 


At  the  end  of  18  hours. 


690  m2/gram 
CATALYST 

%  FRODUCT* 


1.82  E-06 
1.49  E-04 


:.;--  '-!• 


m 


-1 
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catalyst  using  Davison  silicon  dioxide  there  is  a  significant 
difference  in  the  catalyst  activities.  This  difference  in  activity 
itay  be  due  to  the  manner  in  which  the  si;53ports  are  manufactured  or 
the  way  in  which  the  catalysts  were  pr^>ared.  The  catalyst 
selectivities  are  similar  for  each  of  the  catalysts  and  are 
indicative  of  a  cartxonium  ion  cracking  mechanism.  What  has  been 
determined  is  that  a  50  wt%  loading  on  a  340  m2/gram  silicon  dioxide 
results  in  the  most  active  catalyst  and  the  coverage  of  aluminum 
ciiloride  on  the  catalyst  surface  is  approximately  80%  based  on  the 
number  of  available  surface  hydroxyl  grotps. 

One  of  the  results  frcan  the  first  set  of  experiments  is  that 
the  catalyst  prepared  from  the  silicon  dioxide  with  a  loading  of  50 
wt%  aluminum  chloride  is  the  most  active  for  cracking.  The  50  wt% 
catalyst  has  been  prepared  using  a  variety  of  supports  such  as 
siliocai  dioxide,  aluminum  oxide,  boron  oxide,  titanium  dioxide, 
magnesium  oxide  and  an  all-silica  zeolite.  Of  the  supports 
mentioned  the  all  silica  zeolite,  silicon  dioxide  and  aluminum  oxide 
prepared  catalysts  are  the  most  active  for  catalytic  cracking.  As  a 
result  the  next  set  of  experiments  which  involve  the  dependence  of 
pressure,  hydrogen  gas  and  hydrogen  chloride  on  catalytic  activity 
used  the  siliooi  dioxide  catalyst. 

I 

The  first  ejqjeriment  was  conducted  at  100  "C  using  the  50  wt% 
catalyst,  50  mL  of  a  1.195  M  n-hexadecane  in  carbon  tetrachloride 
solution  under  atmospheric  pressure  of  hydrogen  gas.  The  next 
e)?)eriment  was  conducted  under  identical  conditions  except  that  the 
reaction  was  carried  out  under  a  helium  atmosphere  at  25  psig.  The 
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third  experiment  was  carried  out  with  the  helium  at  atmospheric 
pressure  and  the  last  experiment  was  performed  using  25  psig 
hydrogen  chloride  gas.  Product  distributions  and  catalyst 
activities  are  shown  in  Tables  2-9  and  2-10  respectively.  Frcm 
these  ejqjeriments  it  can  be  concluded  that  the  presence  of  hydrogen 
in  the  reacticxi  system  sli^tly  enhances  catalyst  activity.  The 
catcilyst  is  sli^tly  sensitive  to  the  reaction  system  pressure  and 
hydrogen  chloride  may  be  used  in  the  place  of  hydrogen  gas.  The 
catalysts  used  in  the  previous  reactions  have  been  used  for  several 
caradking  cycles  and  still  shew  catalytic  activity  after  117  hours 
under  reacticai  conditions. 

In  continuing  work  on  cracking  of  n-4iexadecane,  the  reactions 
were  run  at  higher  tertperatures.  In  order  to  ensure  that  our 
catalyst  would  still  be  in  a  liquid  phase  a  new  solvent  was  chosen 
to  run  the  reacticai.  Tables  2-11  and  2-12  shew  the  results  of  the 
experiments  in  tetrachloroethylene  (perc)  carpared  to  the  reactions 
dCTie  in  OCI4.  Table  2-11  gives  the  activities  of  the  Si02  based 
catalyst  in  CX:i4  and  perc.  For  the  reactions  in  C!Cl4  there  is  no 
oorre^xsTding  increase  in  the  activity  of  the  catalyst  as  the 
terrperature  is  iiKareased.  In  contrast,  the  reactions  carried  out  in 
perc  show  an  increase  in  activity  as  the  terrperature  is  increased. 
As  seen  in  Table  2-12,  the  product  distribution  changes  upon 
switching  from  CCI4  to  perc.  The  large  amount  of  ethylene  present 
ocmes  from  the  ethanol  present  in  the  perc  as  a  stabilizer  (0.75%) . 
The  ethanol  would  have  less  of  an  effect  on  the  percentage  of  other 
products.  I 
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Table  2-12.  Product  Distributions  for  AlCl2-Si02  Catalyst  in 
Different  Solvents  and  Different  Itenperatures. 


FRODUCT 


100 °C^ 


150  °G^ 


METHANE  0.518  3.020 
EIHYIZNE  0.056  0.096 
EIHANE  0.010  1.095 
FRDPANE      6.655      4.561 

66.298 

0.076 

24.854 

ReactiOTi  conducted  in  OCI4. 


ISOBUTANE  75.466 
n-BCTTANE  1.444 
ISOPENIANE  15 .  851 


100 °C^ 


0.614 
9.159 

6.269 
28.676 
58.832 

2.092 


150' 


,** 


2.017 
2.779 

2.361 
46.453 
33.328 
13.063 


200°g** 


3.103 

10.487 

9.277 
51.516 
15.179 
10.438 


** 


Reaction  conducted  in  Tetrachloroethylene  (Eterc) . 


■.^M 
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The  difference  in  activity  for  the  two  solvents  at  various 
teanoperatures  is  related  to  the  basicity  of  the  solvents  and  the 
activation  energies  for  cleavage  of  the  carton-chlorine  bonds. 
Tetrachloroethylene  is  a  more  basic  solvent  than  cctrbon 
tetrachloride  and  coordinates  to  the  catalysts  acid  sites  without 
dissociation.  At  100 °C  there  is  enou^  thermal  energy  in  the  system 
to  dissociate  the  carbon  tetrachloride-catalyst  ccmplex  but  there  is 
still  a  substantial  interaction  between  tetrachloroethylene  and  the 
acid  catalyst.  Ihe  tetrachloroethylene  adsorbed  on  the  catalyst 
surface  blocks  substrate  molecules  frcm  reaching  reactive  sites. 
When  the  temperature  is  increased  to  200°C  the  thermal  energy  of  the 
reacticxi  system  is  great  enou^  to  substantially  dissociate  the 
tetrachloroethylene-acid  site  interaction  and  raise  the  catalytic 
activity  to  the  same  level  as  carbon  tetrachloride  at  100 °C.  The 
net  effect  is  to  decrease  the  interaction  between  the  acid  and 
solvent  v*iich  would  lead  to  a  greater  interaction  between  the  acid 
sites  and  the  hydrocarbon  substrate. 

Another  effect  vdiich  adversely  effects  the  catalyst  activity  is 
the  increase  in  vapor  pressure  of  the  solvents  as  the  teirperature 
increases.  The  vapor  pressure  of  carbon  tetrachloride  at  150 °C  is 
sli^tly  over  5  atmospheres  [52]  vMch  would  tend  to  shift  the 
products  tcward  larger  chain  products  as  indicated  in  Table  2-12. 

In  additiai  to  running  reactions  in  perc  it  was  desireable  to 
knew  vAiat  the  heaviest  feed  percentage  was  for  our  catalyst  system. 
Tables  2-13  and  2-14  summarized  the  results  frcm  cracking 
eaqjeriments  using  35%,  90%,  and  95%  n-hexadecane  in  the  feed.  The 
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Table  2-13.  Activities  for  AlCl2-Si02  Catalyst  at  Different 
Feed  Percents  in  Carbon  Tetrachloride  at  100  °C 
and  25  psig  H2. 


FRDPANE 

ISOBOTANE 

n-BUTANE 


35%  HEXADECANE 
1.64  E-2 
1.62  E-1 
7.98  E-5 


90%  HEXADECANE 
5.40  E-3 
1.42  E-2 
3.44  E-5 


95%  HEXADECANE 
3.59  E-3 
1.23  E-1 
1.20  E-5 


14  HRS 


18  HRS 


8  HRS 
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Table  2-14. 


Product  Distributions  for  AlCl2-Si02  Catalyst  at 
Different  Feed  Percents  in  Carbon  Itetrachloride 
at  100°C  and  25  psig  H2. 


HOJJCT          3 

5%  HEXADECANK 

90%  HEXADECANK 

95%  HEXADECANR 
0.061 

ML'IHANE 

0.518 

0.019 

ETHYLENE 

0.056 

0.004 

0.002 

EIHANE 

0.010 

none 

none 

PROPANE 

6.655 

2.455 

2.004 

ISOBOTANE 

75.466 

69.247 

71.675 

n-Bt7CANE 

1.444 

0.766 

0.504 

ISOPEMEANE 

15.851 

27.434 

25.753 

n-PEMEANE 

none 

0.075 

none 

113 
activity  of  the  catalyst  for  C1-C4  is  lowered  sli^tly  i^xDn 
increasing  the  amount  of  substrate  and  there  is  a  corresponding 
shift  to  larger  chain  products.  Ihis  is  v*iat  one  would  expect  as 
the  feed  percent  is  increased.  Ihe  larger  hydrocarbons  (Cg-C^g)  are 
itudi  easier  to  activate  for  cracking  than  li^t  hydrocarbons  (C^-Cg) 
and  will  react  faster.  The  concentration  of  heavy  hydrocarbons  must 
be  deleted  before  significant  cracking  of  the  lifter  hydrocarbons 
products  will  occur.  Also  with  a  hi^  concentration  of  hydrocarbon, 
it  takes  much  longer  for  the  OCI4  to  regenerate  an  active  site 
because  it  must  ccnpete  with  the  large  hydrocarbons  chemisorbed  and 
physisorbed  on  the  catalyst  surface. 

This  is  substantiated  by  the  fact  tliat  the  OCI4  used  in  the 
reaction  is  converted  to  CHCI3  and  CH2CI2  during  the  course  of  the 
reaction.  It  also  appears  that  the  CCI4  is  vised  vp  on  the  same  scale 
as  the  hexadecane  is  converted  to  products.  If  the  reaction  is  run 
in  perc  1,1,2-trichloroethane  is  detected  v*iich  suggests  the 
r^lacement  of  a  carbon-chlorine  bond  by  a  carbon-hydrogen  bond 
followed  by  hydrogenation  of  the  double  bond.  This  is  consistent 
with  the  prcposed  mechanism  for  the  solid  acid  catalyst  system. 

Reactions  of  Hvdnjcarfaon  Substrates  with  an  Improved  Solid  Acid 
Catalvst  in  a  Syringe  Pump  Flow  Reactor 

It  has  been  learned  frxan  the  previous  eiqaeriments  involving 

hydrocarbon  substrates  that  the  50  wt%  aluminum  chloride  on  silica 

gel  catalyst  is  one  of  the  roost  active  cracking  catalysts. 

For^ctions  involving  the  AlCl2-Si02  catalyst  it  is  known  that  a 

chlorine  source  is  needed  to  maintain  catalytic  activity  and  that 
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caitxai  tetrachloride  is  the  best  chlorine  source.  The  effect  of 
pressure  has  an  inverse  effect  on  catalyst  activity  and  the  use  of 
hydrogen  gas  results  in  only  a  sli^t  increase  in  catalyst  activity. 
Thou^  the  use  of  cartxan  tetrachloride  extends  the  lifetime  of  the 
catalyst,  the  catalyst  eventually  deactivates  (the  activity 
decreases  to  a  very  low  level)  due  to  the  formation  of  coke.  This 
oote  formation  results  frcm  the  hydride  abstraction  frcm  substrate 
molecules  by  carixjnium  ions.  Since  the  catalyst  shows  only  a  slight 
increase  in  activity  vAien  hydrogen  gas  is  used  and  saturated 
products  are  formed  as  products  during  the  cracking  reaction,  the 
hydrogen  used  to  form  the  cracking  products  must  cone  from  substrate 
molecules. 

Because  there  is  an  apparent  need  for  hydride  ions  in  the 
reaction  system,  a  nctole  metal  was  placed  on  the  catalyst  surface  to 
activate  molecular  hydrogen  in  order  to  simply  the  needed  hydride 
ic»TS.  Ihis  would  increase  the  availability  of  hydride  ion,  cause  an 
increase  in  activity  and  a  decrease  in  coke  formation.  Ihe  use  of 
nc±>le  metals  on  solid  acid  catalysts  is  not  new  and  solid  acid 
catalysts  that  are  made  with  noble  metals  are  used  in  areas  such  as 
hydrocracking,  reforming  and  other  hydro  processes.  [1,2,3,59] 

Using  a  syringe  puiiped  flow  reactor  which  was  described  in  the 
ej^ierimental  section,  two  reactions  were  conducted  in  v^iich  n- 
hexadecane  was  cracked  by  an  AlCl2-Si02  catalyst  and  a 
M(II)Cl2AlCl2-Si02  catalyst  at  175°C.  The  cartxDn  tetrachloride  and 
n-hexadecane  were  delivered  by  a  syringe  puiip  into  the  reactor  in  a 
preheater  zone.  Ihe  preheater  zone  consisted  of  a  packed  tube  of 
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1/16  incii  glass  spheres  v*iich  were  the  same  tetiperature  as  the 
catalyst  zcMie  and  was  ten  times  the  catalyst  bed  length.  In  the 
preheater  zcaie  the  liquid  reactants  were  vaporized  and  mixed  with  a 
hydrogen  carrier  gas.  This  reaction  mixture  was  heated  to  reaction 
terrperature  and  then  passed  through  the  catalyst. 

The  reaction  system  consisted  of  a  motorized  syringe  containing 
4.5  ml  of  a  75%  by  volume  n-hexadecane  in  carbon  tetrachloride  and 
equipped  with  a  teflon  delivery  tube.  The  teflon  delivery  tube 
enters  the  glass  reactor  throu^  a  septxm  and  ends  just  before  the 
catalyst  zone.  Hydrogen  is  used  as  the  carrier  gas  and  the  flow  of 
the  gas  is  downward  against  a  glass  frit  v*iich  si:5ports  the  catalyst 
zone.  Both  n-hexadecane  reactions  were  carried  out  at  175 °c. 
The  AlCl2-SilicaGel  catalyst  worked  very  well  and  showed  higher 
activity  in  the  syringe  puirped  reactor  than  any  other  reactor 
previously  used.  Product  distribution  and  catalyst  selectivity  were 
similar  to  previous  experiments  using  a  glass  flow  system.  The 
product  distribution  and  catalyst  activity  for  the  AlCl2-SilicaGel 
catalyst  are  shown  in  Figure  2-35.  Some  chloroform  was  observed  and 
in  an  amount  that  would  indicate  a  near  1:1  ratio  between  the  amount 
of  n-hexadecane  converted  and  the  amount  of  carbon  tetrachloride 
cxxTsumed.  large  quantities  of  carbon  tetrachloride  were  detected  in 
the  product  stream  reconfirming  this  result. 

The  Pd(II)Cl2AlCl2-SilicaGel  catalyst  was  extremely  active  for 
the  catalytic  cracking  of  n-hexadecane  at  175°C.  Extremely  large 
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Figure  2-35.     Major  Products  frcni  the  RBacticxi  of  n-Heiadecane 
with  a  Solid  Acid  Catalyst  at  175  "C. 
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quantities  of  chloroform  were  detected  in  the  product  stream  and 
caily  trace  amcunts  of  carbon  tetrachloride  were  detected.  This 
indicates  that  the  hydrodechlorination  of  cartx>n  tetrachloride  is 
occurring  as  well  as  the  cracking  of  n-hexadecane  since  the  ratio 
between  chloroform  and  the  amount  of  n-hexadecane  converted  was  much 
greater  than  1:1. 

Ihe  results  of  a  GC/FTIR  ejqjeriment  run  on  the  product  stream 
of  the  W(II)Cl2AlCl2-SilicaGel  catalyst,  n-hexadecane,  carbon 
tetrachloride  and  hydrogen  reaction  at  175  °C  are  shown  in  Figure  2- 
36.  As  can  be  seen  in  Figure  2-36,  C^-Cg  hydrxxarbons  are 
predatiinate  with  methylene  chloride  as  well  as  chloroform  being 
present. 

Ihe  bar  chart  in  Figure  2-37  represents  the  prxxiuct 
distribution  and  catalyst  activity  for  the  M(II)Cl2AlCl2-SilicaGel 
catalyst  at  T=  160  minutes  and  175  °C.  The  M(II)-dcped  catalyst 
shows  very  high  activity  for  the  iso-C4  alkanes  and  alkenes  as  well 
as  a  lew  activity  for  the  undesirable  C2-C2   products. 

A  ccjrparison  of  the  catalyst  activity  and  selectivity  for  the 
undcped  and  doped  acid  catalysts  is  presented  in  Figure  3-38. 
Notice  the  increase  in  activity  v?»n  switching  from  an  undoped  to  a 
metal  doped  catalyst  and  the  presence  of  olefins  in  both  product 
streams.  The  presence  of  olefins  in  the  AlCl2-SilicaGel  product 
stream  is  a  strikingly  different  result  than  that  obtained  when  a 
conventional  glass  flow  reactor  or  a  stirred  batch  reactor  is  lased. 
When  the  AlCl2-SilicaGel  catalyst  is  used  in  a  conventional  glass 
flow  reactor  (vapor  phase  reactants) ,  or  a  stirred  batch  reactor. 
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Figure  2-36. 


GC-FITR  Qircmatogram  of  the  Product  Stream  from 
the  Reaction  of  a  M(II)Cl2AlCl2-Si02  Catalyst 
with  n-4fexadecane  at  175 °C. 


119 


0 

+ 


Ui 

h 


h 

0 
0 

d 

V) 


cm  amn  cm  i-C«  i-CM0n-C«10 


Figure  2-37.  Major  Products  from  the  Reaction  of  n-Hexadecane 
with  a  Ri(II)Cl2AlCl2-Si02  Catalyst  at  175°C. 
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Figure  2-38.     Ccrparison  of  the  AICI2-  and  Pd(II)Cl2AlCl2-Si02 
Cateilysts. 
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csnly  saturated  hydrcDcariDons  are  formed.  Another  striking  difference 
is  that  when  the  M(II) -doped  catalyst  is  used  in  a  syringe  punped 
flow  reactor  almost  all  of  the  cariaon  tetrachloride  is  converted  to 
CHCI3  or  CHCI2.  ' 

This  increase  in  cracking  activity  suggests  that  the  noble 
metal  present  in  the  catalyst  is  activating  molecular  hydrogen  and 
producing  hydride  ion  which  is  then  (by  spillover)  available  for  the 
carbcMiium  ion  ^jecies  in  the  system.  [66,67]  The  increase  in  the 
amount  of  available  hydride  ion  increases  the  reaction  rate  and 
decreases  the  amount  of  hydride  abstraction  frtan  the  hydrocarix)n 
substrate.  This  causes  a  decrease  in  the  rate  of  coke  formation  and 
subsequently  increases  the  activity  as  well  as  the  lifetime  of  the 
catalyst.  Ihe  observed  results  agree  with  the  prt>posed  mechanism 
and  are  consistent  with  the  fact  that  an  increase  in  the 
cxanoentration  of  the  hydride  ion  on  the  catalyst  surface  would 
inhibit  the  adsorption  of  carbonium  ions  onto  the  catalyst  surface. 
The  decrease  in  adsorption  of  carixjnium  ions  on  the  surface  limits 
unwanted  side  reactions  such  as  coke  formation.  The  formation  of 
alkenes  in  the  AlCl2-Si02  system  arises  from  the  short  contact  times 
(fast  flow  rates)  and  the  larger  formation  of  al3cenes  in  the 
Ri(II)Cl2AlCl2-Si02  system  arises  from  the  dehydrogenation  ability 
of  the  ncble  metal  on  the  catalyst. 

Since  the  reactions  involving  n-hexadecane  worked  so  well  and 
the  fact  that  almost  all  of  the  carton  tetrachloride  added  to  the 
M(II) -doped  acid  catalyst  system  was  converted  to  CHCI3  or  CHCI2, 
several  dehydrochlorination  and  hydrodechloriuation  reactions  of 
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various  polychlorinated  methanes  and  ethanes  were  conducted.  These 
reacticais  will  be  discaassed  in  the  next  chapter  viiich  is  on  the 
dehydrociilorination  of  various  polychlorinated  molecules. 

Other  Acid  Catalyzed  Reactions  Involving  Hydrocarbons  and  Solid  Acid 
Catalysts 

Reactions  such  as  polymerizations,  alkylations  and  methane 
activation  are  catalyzed  by  strong  acids.  Ihese  reactions  were 
conducted  using  the  aluminum  chloride  treated  inorganic  oxides  to 
determine  the  scxspe  of  reactions  that  can  be  catalyzed  by  the  new 
solid  acids. 

The  polymerization  reactions  were  conducted  in  a  250  mL  Parr 
pressure  apparatus  as  described  in  the  ej^)erimental  section.  The 
polymerizations  were  carried  out  using  carbon  tetrachloride  and 
toluene  as  solvents  with  the  addition  of  5  to  15  mL  aliquots  of 
monaners.  Small  aliquots  of  monomer  were  used  since  all  the 
polymerization  reactions  conducted  were  very  exothermic.  The 
reactions  were  conducted  at  room  teitperature  and  the  monomer  used 
consisted  of  both  radical-only  and  cationic  initiated  monomers. 
Caticaiic  initiated  monomers  were  used  to  test  the  acid  catalyzed 
polymerization  ability  and  the  radical-only  initiated  monomers  were 
xjsed  to  determine  if  the  radical  species  present  on  the  catalyst 
surface  after  pr^>aration  were  reactive. 

The  cationic  monomers  used  were  styrene,  isobutylene,  ethyl 
vii^l  ether  and  l-hexene.  Polymerizations  involving  styrene  monomer 
resulted  in  a  polymer  with  an  average  molecular  wei^t  distribution 
of  -15,000  as  determined  by  Gel-Permeation  chrxanatography  v*iich  was 
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cxxxJucted  with  the  help  of  Bill  Toreki.  Styrene  is  very  easily 
polymerized  and  the  polymerization  of  styrene  moncjner  may  be 
initiated  by  radical,  anionic,  cationic  or  metal-ccwnplex 
initiators.  [68-70]  Since  styrene  may  be  polymerized  by  radical 
initiators  severed  moncners  were  lased  viiich  cannot  be  polymerized  by 
radiccil  initiators.  Isobutylene,  1-hexene  and  ethyl  vinyl  ether  are 
rocxTcners  which  will  not  polymerize  in  the  presence  of  radical 
initiators.  These  moncmers  will  polymerize  in  the  presence  of 
catiOTiic  initiators. 

When  ethyl  vinyl  ether,  isobutylene  or  Hiexene  are  placed  in 
cOTTtact  with  a  solxiticai  of  carbon  tetrachloride  or  toluene 
containing  1  gram  of  the  AlCl2-Si02  solid  acid  catalyst,  an 
exothermic  reaction  takes  place  and  results  in  the  formation  of  a 
polymeric  material.  Ihe  results  frcm  the  polymerization  of  1- 
hexene  are  shown  in  Figures  2-39  to  2-40.  Shewn  in  Figure  2-39  is 
the  IR  ^jectrum  of  neat  (purified)  1-hexene  before  polymerization. 
The  carbon-carbon  double  bond  stretching  frequency  is  located  at 
-1640  can"^  and  the  carbon-carbon  double  bond  bending  frequencies  are 
located  at  -990  on"-'-  and  900  cm  -■■,  respectively,  l^n 
polymerizaticxi  these  bands  disappear  (Figure  2-40)  indicating  the 
reaction  of  the  carbon-carbon  double  bonds  to  produce  carbon-carbon 
single  bonds.  Ihe  successful  polymerization  of  1-hexene,  ethyl 
vinyl  ether  and  isobutylene  provides  further  si^port  for  the 
presence  of  Bronsted  and  Lewis  acid  sites  on  the  solid  acid 
catalysts. 
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Figure  2-39.  Infrared  Spectrum  of  Purified  Neat  1-Hexene. 
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Figure  2-40.  Infrared  Spectrum  of  Polymerized  1-Hexene. 
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Next  several  moTcmers  that  can  OTily  be  polymerized  by  radical 
initiators  were  vised  in  the  polymerization  reactions  to  demonstrate 
that  the  radical  ai  the  catalyst  surface  does  not  contribute  to  the 
activity  of  the  catalyst.  The  monomers  used  in  the  polymerization 
reactions  were  methyl  methacrylate,  methacrylate  and  vinyl  acetate. 
In  all  cases  these  moncmers  did  not  give  rise  to  any  polymer 
fonnaticxi  indicating  that  the  radical  present  on  the  catalyst 
surface  is  not  a  reactive  species  and  does  not  contribute  to  the 
catcilyst  activity. 

In  addition  to  the  polymerization  of  pure  rooncgtvers  an 
ejqjeriment  was  conducted  to  produce  a  co-polymer  that  contained 
styrene  and  methyl  methacrylate  units.  In  this  ejqjeriment  a  1:1 
molar  ratio  of  styrene  and  methyl  methacrylate  was  added  to  a 
soluticxi  of  toluene  containing  1  gram  of  an  aluminum  chloride 
treated  silica  gel  catalyst  pr^jared  in  carbon  tetrachloride.  A 
polymeric  material  was  isolated  f rcan  this  reaction  mixture  by 
filtraticxi  to  remove  the  solid  acid  followed  by  evaporation  of  the 
solvent.  When  a  proton  NMR  was  taken  of  this  material  the 
integrated  methyl  to  arcmatic  proton  resonances  were  in  a  ratio  of 

3:5  vfcLch  would  indicate  a  1:1  co-polymer  of  methyl  methacrylate  and 

I 
styrene. 

One  additional  polymerization  reaction  was  conducted  using 

^ichlorohydrin  as  the  monomer.  Epichlorchydrin  is  initiated  only 

by  strcaig  caticaiic  initiators  and  there  is  much  interest  in  the 

polymerization  of  ^ichlorchydrin  because  the  polymer  product  is 

used  extensively  in  the  aerospace  industry  as  an  adhesive.  When 
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^ichlorchydrin  is  added  to  a  solution  of  toluene  containing  an 
aluminum  chloride  treated  silicon  dioxide  pr^>ared  in  carbon 
tetrachloride  a  polymeric  material  is  formed.  The  product  was 
identified  by  IR  spectrosocpy  as  poly-^ichlorohydrin  v*iich  was 
obtained  in  a  50%  yield. 

The  coiclusicMTS  fran  the  polymerizations  are  that  the  solid 
acid  catcilysts  pr^jared  by  reacting  aluminum  chloride  with  inorganic 
oxides  behave  similar  to  cither  known  solid  acid  catalysts  in  their 
polymerization  abilities  and  that  the  radical  present  on  the 
catcilyst  surface  does  not  contribute  to  the  catalyst  activity. 
Since  cxiLy  caticxiic  polymerization  activity  was  observed  for  the 
solid  acids  further  investigations  involving  polymerizations  would 
not  be  conducted  because  the  chemistry  is  well  known  and  would  not 
lead  to  any  greater  understanding  of  this  solid  acid  catalyst 
system. 

A  new  area  of  research  in  v*iich  strong  solid  acids  and 
si^jeracids  are  being  used  is  the  activation  of  methane.  It  has  been 
demcMTstrated  that  vi*ien  a  mixture  of  C2-C4  olefins  and  methane  are 
passed  throu^  a  superacid  catalyst  an  exothermic  alkylative 
ccaidensation  reaction  occurs,  (Equation  2-11) . [71] 

CH4  +  RCH=CH2  >  CH3CHRCH3  (2-11) 

This  reaction  was  confirmed  by  reacting  ^-^C-labels  methane  and 
ethane  over  a  st^jeracid  catalyst.  Ihe  products  of  this  reaction  was 
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the  mono-l^c-iabeled  propane  and  seme  oligcroerization  products  of 
the  ethylene. 

The  use  of  superacid  catalysts  for  the  alkylative  condensation 
of  methane  results  in  higher  selectivity  and  can  be  conducted  at 
milder  conditions  than  pyrolytic  and  free-radical  reactions  such  as 
CJcmbustion,  hydrogenation,  nitration  and  sulfochlorination. [71] 
Work  in  the  area  of  alkylative  condensation  of  methane  has 
focused  on  the  use  of  olefin-methane  feeds  that  do  not  contain 
aUcanes. [71]  The  mechanism  of  the  reaction  involves  protonation  of 
the  olefin  by  the  superacid  and  reaction  of  the  alkyl  carbonium  ions 
with  methane  to  form  an  alkane  of  one  higher  carbon  number  and  a 
proton.  Since  in  the  catalytic  cracking  reactions  of  alkanes  v^ich 
were  discussed  earlier  in  this  chapter  have  been  proposed  to  proceed 
by  hydride  abstraction  frcm  an  alkane  to  form  an  alkyl   carbonium  ion 
the  alkylative  condensation  of  methane  was  attempted  using  an  alkane 
substrate. 

The  catalyst  used  for  the  alkylation  condensation  of  methane 
was  the  Ra(II)Cl2AlCl2-Si02  catalyst  used  for  the  catalytic  cracking 
of  n-hexadecane  earlier  in  this  chapter.  The  reaction  was  conducted 
in  a  syringe  pump  flow  reactor  with  a  methane  flow  rate  of  51 
oc/minute,  n-pentane  flow  rate  of  0.005  oc/minute,  a  carbon 
tetrachloride  flow  rate  of  0.005  oc/minute  and  a  reaction 
temperature  of  175 °C.  After  the  reaction  was  allowed  to  proceed  for 
several  hours  pregas  and  post  gas  samples  were  collected  from  the 
reactor.  The  GC  traces  for  pregas  and  post  gas  samples  are  shown  in 
Figures  2-41  and  2-42.  Methane  is  the  only  product  in  the  pregas 
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Figure  2-41.     Pregas  Sairple  for  the  Al]q^lative  Condensation  of 
Methane  by  a  Solid  Acid  Catalyst. 
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Figure  2-42.  Post  Gas  Saitple  for  the  AUQ^lative  Condensation  of 
Methane  by  a  Solid  Acid  Catalyst  at  175°  C.    , 
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sample  viiile  a  large  quantity  of  C3-C5  HydrocariDons,  methylene 
chloride  and  chloroform  are  present  in  the  prtxJuct  stream.  In 
observing  the  product  distribution  it  is  apparent  that  a  peak  due  to 
C2  products  v*iich  would  occur  at  1  minute  is  missing.  The  absence 
of  the  peak  due  to  ethylene  is  an  indication  that  the  ethyl 
carbcaiium  icais  produced  in  the  reaction  have  reacted  with  the 
methane  to  produce  prcpane.  Also  viien  the  number  of  moles  of 
methane  in  the  pregas  and  post  gas  are  coipared  a  decrease  in  the 
number  of  moles  of  methane  is  cAiserved  indicating  that  an  alkylative 
condensation  of  methane  has  occurred.  When  a  blank  reaction  is 
conducted  with  only  methane  and  carbon  tetrachloride  as  the 
reactants  no  products  are  doserved. 

To  demonstrate  that  ethylene  is  produced  during  the  cracking  of 
n-pentane  the  methane  feed  was  sto|ped  and  a  hydrxjgen  feed  was 
started.  After  several  hours  of  reaction  pregas  and  post  gas 
sanples  were  collected.  Ihe  GC  traces  for  the  post  gas  sample  is 
shown  in  Figure  2-43.  Only  trace  quantities  of  methane  were 
observed  in  the  pregas  and  as  eiqpected  ethylene  was  present  in  the 
product  stream  indicating  that  in  the  presence  of  excess  hydrogen 
the  alkyl  carbonium  ions  are  easily  quenched  to  form  the 
corresponding  alkanes.  However,  v*ien  the  cracking  reaction  is 
CCTiducted  in  the  presence  of  excess  methane  and  no  hydrogen  is 
present  the  alkyl  carbonium  ions  undergo  an  alkylative  condensation 
reaction  with  methane  to  produce  alkanes  with  an  increased  chain 
length. 
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Figure  2-43.  Post  Gas  Sairple  for  the  Cracking  of  n-Pentane 
at  175°C. 
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To  further  investigate  the  alkylative  condensation  of  methane 
using  alkanes  as  the  substrate  a  reaction  involving  ethane  was 
conducted.  A  M(II)Cl2AlCl2-Si02  catalyst  was  reacted  with  ethane 
in  excess  methane  at  175°C.  Only  a  trace  amount  of  propane  was 
observed  in  the  product  stream  and  in  the  same  amount  as  that  in  the 
pregas.  Ihis  result  suggests  that  the  Lewis  acid  sites  present  on 
the  catalyst  are  not  strong  enough  to  abstract  a  hydride  ion  from 
ethane  or  methane.  The  propane  produced  in  the  earlier  experiments 
was  a  result  of  the  ethyl  carbonium  ions  produced  during  the 
cracking  of  n-pentane.  Since  there  are  Bronsted  acid  sites  present 
that  are  c^>able  of  protonating  olefins  (as  described  in  the 
polymerization  section)  the  solid  acid  catalyst  could  be  used  in  the 
same  manner  as  the  superacid  catalysts  by  reacting  C2-C4  olefins  in 
excess  methane. 

What  has  been  learned  from  the  alkylative  condensation 
reactioTs  is  that  the  solid  acid  catalyst  ejdiibits  catalytic 
activity  similar  to  conventional  si^jeracids  for  the  reaction  of 
olefins.  The  area  that  the  solid  acid  differs  frm  the  superacids 
is  in  the  activation  of  alkanes  for  the  catalytic  cracking  of 
hydrocarbons.  The  catalytic  cracking  reaction  requires  hydrogen  and 
it  was  the  object  of  the  methane  activation  work  to  use  methane  as 
the  hydrogen  source  in  the  presence  of  a  solid  acid  catalyst. 
EUring  the  catalytic  cracking  process  ary  primary  alkyl 
carbc»iium  ions  formed  can  react  with  methane  via  aUqriative 
condensation  to  form  hydrocarbons  with  longer  chain  lengths.  Since  • 
the  evolution  of  primary  carbonium  ions  during  a  catalytic  cracking 
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reacticxi  is  unfavorable,  due  to  the  hi^  energy  of  these  species, 
the  ccaTversicai  of  methane  to  hi^er  hydrocarbons  is  only  a  minor 
reacticxi.  As  a  result,  the  use  of  methane  as  a  hydrogen  source 
during  a  catalytic  reaction  would  cause  a  hydrogen  deficient 
reacticai  system  that  would  pronote  coke  formation  and  decrease 
catalyst  activity  and  stability. 

VJhen  the  alkylative  condensatic»i  of  methane  was  conducted  with 
trace  amounts  of  ethylene  no  products  were  observed .  As  the 
ocax:entratiOT  of  ethylene  was  increased  products  were  detected  in 
the  product  stream,  Ihe  major  products  of  the  reaction  were 
isobutane,  n-butane,  isopentane,  n-pentane  and  iscsners  of  hexane.  A 
small  amount  of  propane  was  detected  and  the  formation  of  coke  was 
evident. 

Next  the  methane  feed  was  stc^jped  and  hydrogen  was  added  to  the 
reaction  system.  GC  analysis  d?f  the  product  stream  revealed  no 
change  in  the  selectivity  of  the  reaction  systems.  Ihe  catalyst 
activity  did  increase  upon  addition  of  hydrogen  indicating  that 
under  a  methane  atmosphere  the  reaction  system  was  hydrogen 
deficient. 

2.4  SLIMMARY 

The  main  goal  of  this  investigation  was  to  prepare  a  solid  acid 
with  stable  tetrahedral  sites.  Using  aluminum  chloride  as  a 
precursor,  solid  acid  catalysts  were  pr^ared  by  the  reaction  of 
inorganic  oxides  with  aluminum  chloride  in  ref luxing  carbon 
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tetraciiloride.  The  catalysts  were  characterized  by  IR  and  NMR 
spectrosccpy.  The   infrared  spectrum  of  adsorbed  pyridine  was  used 
to  prdDe  the  nature  and  strength  of  the  acid  sites  present  on  the 
catalysts.  The  infrared  spectnm  of  adsorbed  pyridine  on  the 
various  aluminum  chloride  treated  inorganic  oxides  (AICI2-X;  vtiere 
X=  inorganic  si;53port)  indicated  the  presence  of  both  Lewis  and 
Bronsted  acid  sites.  large  shifts  (18  cnT^)   were  observed  for 
coordinated  pyridine  v*ien  X=  Si02  or  a  hi^  silica  zeolite.  When 
the  aluminum  chloride  treated  inorganic  oxides  ar«  prepared  in 
solvents  other  than  carbon  tetrachloride  the  resulting  solid 
materials  eidubit  Icwer  acidity  viiich  is  reflected  in  the  lower 
frequency  shifts  for  adsorbed  pyridine. 

Throu^  the  use  of  27^1  and  29si  solid-state  MAS  NMR 
spectrosccpy  it  has  been  shown  that  the  aluminum  chloride  retains 
its  tetrahfidral  conformation  V5»n  reaction  with  the  inorganic  oxide 
si^^port. 

The  new  strong  solid  acid  catalyst  system  ejdiibits  high 
catalytic  activity  and  selectivity  for  cracking  reactions  under 
relatively  mild  conditions.  Ihe  trend  in  the  catalytic  activity  of 
the  solid  acid  catalysts  parallel  the  trend  in  the  frequency  shifts 
in  the  infrared  spectrum  of  absorbed  pyridine. 

Reactions  such  as  polymerization  and  methane  activation  are 
catalyzed  by  strong  acids.  These  reactions  were  conducted  using  the 
aluminum  chloride  treated  inorganic  oxides  to  determine  the  scope  of 
reactions  that  can  be  catalyzed  by  the  new  solid  acids.  Results  of 
the  polymerization  data  suggest  that  the  solid  acid  catalysts  behave 
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similarly  to  other  kncwn  solid  acid  catalysts  in  their 
polymerizaticai  abilities  and  that  the  radical  present  on  the 
catalyst  surface  does  not  contribute  to  the  catalyst  activity. 
Results  obtained  frcm  the  alkylative  condensaticxi  of  methane  suggest 
that  direct  activation  of  methane  or  ethane  by  the  aluminum  chloride 
treated  inorganic  oxides  does  not  occur.  The  activation  of  methane 
by  the  solid  acid  catalysts  may  only  occur  hy  reaction  of  methane 
with  ethyl  carbonium  ions  generated  throu^  the  cracking  of  higher 
chain  hydrocarbons.  The  activation  of  methane  by  this  method  occurs 
only  in  saiall  quantities  (<l%) . 


CHAPTER  III 
REACnCNS  OF  CHIDRINATED  HYERDCARBCX^S 


3.1  BACKGROUND 

i 

Organochlorine  cxxipcunds  are  extremely  iirportant  in  today  ^s 
society.  These  cxwopuonds  are  widley  used  in  many  areas  of 
technology  due  to  their  various  physical  and  chemical 
properties.  [72]  Industries  that  use  organochlorine  carpounds  are 
the  plastic  and  synthetic  fibers  industry,  resin  industry, 
mechanical  engineering,  electronics,  metal-processing, 
pharmaceuticcil  chemical  industry,  and  dcmestic  chemistry.   ' 
Organochlorine  moncmners  such  as  vinyl  chloride  are  polymerized 
into  polymers  and  used  in  the  production  of  rubbers,  foamed 
materials,  phonogr^ii  records,  and  paint  and  varnish 
materials .[72,73] 

Chlorcnethanes  have  also  cone  into  wide  use.  [72]  Methyl 
chloride  is  used  as  a  reactant  in  the  organosilicon  industry  and 
methylene  chloride  is  used  in  the  production  of  cellulose 
triacetate.  Chloroform  is  the  starting  material  for  a  vhole  class 
of  freons  and  is  also  used  extensively  as  a  solvent.  CartxDn 
tetrachloride,  v*iich  is  produced  in  the  largest  quantity,  is  used 
extensively  in  the  chlorofluorocarbon  industry  for  the  production 
of  freons.  [73]  Carbon  tetrachloride  also  finds  use  as  a  solvent, 
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an  extractcUTt,  a  defatting  agent,  a  fumigant,  a  fire-extinguishing 

agent,  and  a  rulAer  vulcanization  accelerator.  Polychloroethanes 

and  polychlorocilkenes  have  found  extensive  use  in  industry  as 

solvents,  cold  cleaners,  vapor  degreasers,  and  dry 

cleaners.  [74,75]  Extensive  work  has  been  performed  on  the 

chemical  transformation  of  organochlorine  ccnpounds  because  of  the 

large  quantities  of  organochlorine  ccnpounds  that  are  used. 

! 
Currently,  research  has  focussed  on  the  areas  of 

d^ydrochlorination  and  hydrodechlorination.  [76-81] 

The  investigation  of  the  dehydrochlorination  and 

hydrodechlorination  processes  is  iirportant  because  many 

organochlorine  corpounds  are  produced  by  these  reactions. [76-78] 

The  d^ydrochlorination  process  is  the  selective  removal  of  HCl 

frcm  a  molecule.  The  reaction  of  1,2-dichloroethane  to  form  vinyl 

chloride  and  HCl  would  be  an  example  of  this  reaction.  At 

present,  vinyl  chloride  is  canmercially  produced  by  the  thermal 

ddiydrochlorination  of  1,2-dichloroethane  and  no  catalytic  process 

is  enplcyed. [73] 

The  hydrodechlorination  process  is  the  selective  replacement 

of  a  chlorine  atcm  with  a  hydrogen  atom.  An  example  of  this 

reacticai  is  the  conversion  of  carbon  tetrachloride  to  chloroform. 

The  hydrodechlorination  process  is  not  used  extensively  in 

industry  for  the  production  of  organochlorine  corpounds.  The  main 

interests  in  hydrodechlorination  are  in  kinetic  and  mechanistic 

studies  and  the  decoiposition  of  hazardous  or  unwanted 

organochlorine  ccnpounds  to  more  useful  products.  [77,78,80-82] 
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Many  catalysts  have  been  investigated  for  the 
cMiydrochlorinatican  and  hydrcxiechlorinaticai  of  organochlorine 
cxaxpounds.  [75-83]  Ihe  catalysts  range  frcm  Group  VIII  inetals  on 
solid  st^jports  to  hcmogeneous  organcmetallic  cotiplexes. 
Disadvantages  of  the  catalysts  are  that  they  proceed  via  a  radical 
type  mechanism,  are  not  selective  to  the  desired  products,  form 
hi^  molecular  wei^t  polychlorinated  hydrocarbons,  and  catalyst 
activities  last  for  caily  a  very  short  time.  [77-81]  Ihe 
disadvantages  of  the  dehydrochlorination  and  hydrodechlorination 
catalysts  are  similar  to  those  found  for  the  hydrocarbon  cracking 
catcilysts.  As  a  result  the  new  metal-dcped  solid  acid  catalysts 
developed  in  the  last  chapter  for  the  cracking  of  hydrocarbons 
were  used  for  the  dehydrochlorination  and  hydrodechlorination  of 
various  polychlorinated  molecules. 

VJhen  carbcai  tetrachloride  or  tetrachloroethylene  were  used  as 
chlorine  sources  for  the  catalytic  cracking  runs,  products  were 
observed  \«4iich  correspond  to  the  r^lacement  of  a  carbon-chlorine 
bond  by  a  carbon-hydrogen  bond.  Ihe  objective  of  this  research 
was  to  explore  the  chemistry  of  the  Grot^)  VIII  metal-doped  solid 
acid  catalysts  organochlorine  ccaaapounds  and  to  determine  if  metal 
doped  solid  acids  can  be  used  as  effective  dehydrochlorination  and 
hydrodechlorination  catalysts. 

For  the  hydrodechlorination  reactions,  carbon  tetrachloride 
was  chosen  as  cxie  of  the  model  cciipounds  because  much  work  has 
alreacfy  been  performed  on  this  reactant  and  due  to  the  fact  that 
carbcai  tetrachloride  is  produced  in  large  volumes.  [77,79-81] 
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A  major  use  of  carixm  tetrachloride  is  in  the  production  of 
chloroflourocartoTS  that  have  been  linked  to  the  deletion  of  the 
Earth* s  ozcxie  layer. [73]  The  conversion  of  carton  tetrachloride 
to  chloroform  is  of  interest  due  to  the  fact  that  a  decrease  in 
carixn  tetrachloride  oomsupticm  is  expected  arising  frcm  the  ban 
placed  CXI  certain  chlorofluorocarbons.  The  feed  stxk  for  the  new 
generation  of  chlorofluorocarbons  (that  are  not  hazardous  to  the 
Earth*  s  ozcxYe  layer)  will  be  based  on  chloroform  rather  than 
carbcHi  tetrachloride. 

For  the  dehydrochlorination  reactions  1,2-dichloroethane  was 
chosen  as  the  model  ccnpcund  because  one  of  the  largest  industricil 
dehydrochlorination  reactions  is  the  dehydrochlorination  of  1,2- 
dichloroethane  to  produce  vinyl  chloride.  No  commercial  process 
currently  used  to  make  vinyl  chloride  eitploys  catalysis.    | 

The  follcwing  ch^jter  is  concerned  with  the  preparation  of 
varicus  Grotp  VIII  metal-dqped  solid  acid  catalysts  and  their  use 
as  dehydrochlorination  and  hydrodechlorination  catalysts  for  the 
chemical  transformation  of  lew-value  or  waste  organochlorine 
ccrapcunds  to  more  useful  organochlorine  or  hydrocarbon  products. 

3.2  EXPEEmffiNTAL 

Reagents  I 

All  metal  halides  were  used  as  purchased  unless  otherwise 
stated.  The  palladium  (II)  chloride  (PdCl2) ,  dipotassium 
tetrachloro  pallidate  (K2MCI4) ,  ruthenium  (III)  chloride  (RuCl3) , 
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copper  (II)  chloride  (CUCI2) ,  ccialt  (II)  chloride  (CoCl2*6H20) 
and  rhodium  (III)  chloride  (RhCl3)  were  purchased  from  Aldrich 
Chemical  Conpany.  Aluminum  chloride  (AI2CI6)  was  purchased  from 
Alfa  Products  with  a  purity  of  99.997%,  All  metal  carbonyls  were 
used  as  purchased  unless  otherwise  stated.  Ihe  diccAalt 
octacarbonyl,  tetraccbalt  dodecacartxanyl ,  hexarhodium 
hexadecacaitoiyl  and  triruthenium  dodecacartoryl  were  purchased 
from  Strem.  All  solvents  were  purchased  from  Fisher  Scientific 
exc^jt  tetrachloroethylene  v*iich  was  purchased  from  Kodak.  Carton 
tetrachloride,  chloroform  and  methylene  chloride  were  dried  over 
phosphorous  (V)  oxide  (Fisher) .  Chloroform  (containing  ethanol  as 
a  stabilizer)  was  purified  by  passage  throu<^  an  activated  alumina 
column.  Tetrachloroethane,  1,2-dichloroethane,  n-pentane,  2,6- 
dichloroanisole  and  diphenyl  ether  were  used  as  purchased.  Gold 
label  (99+%)  pyridine  was  purchased  from  Aldrich  and  was  lased 
without  further  purification.  All  solvents  were  stored  over  4  A 
molecular  sieves  (Davison) .  The  gaseous  reactants  methane, 
ethane,  prx^jane,  methyl  chloride  and  technical  grade  hydrogen 
chloride  (99.0%)  were  purchased  from  Matheson.  Hydrogen,  Helium, 
argon  and  nitrogen  were  sv^plied  by  Airco  and  Liquid  Air.  The 
Semiconductor  Grade  hydrogen  chloride  (99.995%)  was  purchased  from 
Air  Products.  Ihe  si^port  used  for  the  preparation  of  the 
catalysts  was  silicon  dioxide  (Si02) .  Ihe  si^port  material  was 
vised  as  purchased  unless  otherwise  stated.  Ihe  primary  material 
was  Davison  Grade  #62  silicon  dioxide  (donated  by  W.R.  Grace  Co.) 
with  a  surface  area  of  340  m^/gram,  pore  volume  of  1.1  cm^/gram 
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and  a  mess  size  of  60-200. [35]  The  sodium  cyanide  was  dDtained 
fran  Fisher  Scientific  and  used  as  purchased.  The  benzyl   , 
dimethylstearly  anraonium  chloride  monchydrate,  Aliquot  336  and 
tetrah^jtyl  aimoiium  brandde  were  purchased  frcm  Aldrich  Chemical 
C3cnpary. 

Preparation  of  a  Palladium  fll)  Chloride-Aluminum  Chloride  Doped 
Catalyst  Using  Carton  Tetrachloride  as  a  Solvent 

In  a  200  mL  3-neck  round  bottan  flask  equipped  with  a  reflux 
condenser  and  a  teflon  coated  magnetic  stir  bar  was  placed  5.0 
grams  of  silica  gel  (washed  with  IM  HCl  and  dried  under  vacuum  at 
80°C  for  72  hrs),  0.06  grams  palladium  (II)  chloride  (FdCl2)  and 
100  mL  of  carbcai  tetrachloride  (dried  over  4  A  sieves) .  The 
reaction  mixture  was  stirred  and  heated  at  reflux  under  a  nitrogen 
(N2)  atmosphere  for  6  hours.  Next  2.61  grams  of  anhydrous 
aluminum  chloride  (AI2CI6)  was  added  and  the  mixture  was  allowed 
to  stir  at  reflux  under  a  N2  at^nosphere  for  2  days. 

After  2  days  the  reaction  mixture  was  filtered  vinder  an  N2 
atmosphere.  The  filtrate  was  colorless  and  the  resulting  solid 
product  obtained  was  orange  in  color. 

The  catalyst  was  water-sensitive  and  turned  li^t  peach  on 
ej^Josure  to  moisture. 
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Preparation  of  a  Kiodium  (III)  Qiloride-Aluminun  Chloride  Doped 
Silica  Gel  Catalyst  Using  Carbon  Tetrachloride  as  a  Solvent 

In  a  200  mL  3-neck  round  bottom  flask  equij^ed  with  a  reflux 
COTidenser  and  a  teflcxi  coated  magnetic  stir  bar  was  placed  9.0 
grains  of  a  2%  rhodium  (III)  chloride  (RhCl3)  on  silica  gel 
(pr^ared  as  above  for  palladium) ,  5.0  grains  aluminum  chloride, 
and  150  mL  of  carbon  tetrachloride  (dried  over  4  A  sieves)  .The 
reactiCTi  mixture  was  allowed  to  stir  at  reflux  under  a  N2 
atmosphere  for  24  hours. 

After  24  hours  the  reaction  mixture  was  filtered  under  an  N2 
atmosphere.  Ihe  filtrate  was  colorless  and  the  resulting  solid 
product  obtained  was  orange  in  color.  ' 

The  catalyst  was  water-sensitive  and  turned  li^t  orange  on 
exposiore  to  moisture. 

Preparation  of  a  Dipotassi\jm  Palladium  (II)  Qiloride-Aluminum 
Chloride  Doped  Catalyst  Using  Carbon  Tetrachloride  as  a  Solvent 

In  a  250  mL  3-neck  round  bottom  flask  equipped  with  a  reflux 

condenser  and  a  teflon  coated  magnetic  stir  bar  was  placed  15.2 

grams  of  silica  gel  (washed  with  IM  HCl  and  dried  under  vacuum  at 

80 °C  for  72  hrs) ,  0.347  grams  dipotassium  palladium  (II)  chloride 

(K2R3CI4)  and  150  mL  of  carbon  tetrachloride  (dried  over  4  A 

sieves) .  The  reaction  mixture  was  stirred  and  heated  at  reflux 

under  a  nitrogen  (N2)  atmosphere  for  6  hours.  Next  7.8  grams  of 

anhydrous  aluminum  chloride  (AI2CI6)  was  added  and  the  mixture  was 

allowed  to  stir  at  reflux  under  a  N2  atmosphere  for  24  hours. 
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After  24  hours  the  reaction  mixture  was  filtered  under  an  N2 
atmo^jhere.  The  filtrate  was  colorless  and  the  resulting  solid 
product  obtained  was  peach  in  color. 

Ihe  catalyst  was  water-sensitive  and  turned  vAiite  on  ejqxjsure 
to  moisture. 

I 

Pr^jaraticai  of  a  Ruthenium  (III)  Chloride-Aluminum  Chloride  Doped 
Catalyst  Using  Carton  Tetrachloride  as  a  Solvent 

In  a  300  mL  3-neck  round  bottcm  flask  equipped  with  a  reflux 
ocrrienser  and  a  teflon  coated  magnetic  stir  bar  was  placed  10.02 
grams  of  silica  gel  (washed  with  IM  HCl  and  dried  under  vacuum  at 
80°C  for  72  hrs),  0.164  grams  ruthenium  (III)  chloride  (RUCI3)  and 
150  mL  of  carbon  tetrachloride  (dried  over  4  A  sieves) .  The 
neactioi  mixture  was  stirred  and  heated  at  reflux  under  a  nitrogen 
(N2)  atmosphere  for  5  hours.  Next  5.0  grams  of  anhydrous  aluminum 
chloride  (AI2CI6)  was  added  and  the  mixture  was  allowed  to  stir  at 
reflux  under  a  N2  atmosphere  for  24  hours.  ' 

After  24  hours  the  reaction  mixture  was  filtered  under  an  N2 
atmo^jhere.  The  filtrate  was  colorless  and  the  resulting  solid 
product  obtained  was  orange  in  color. 

The  catalyst  was  water-sensitive  and  turned  vMte  on  exposure 
to  moisture. 


Preparation  of  a  Copper  (ID  Ctiloride-Aluminum  Chloride  Doped 
Catalyst  Using  Carbon  Tetrachloride  as  a  Solvent 

I 
In  a  250  mL  3-neck  round  bottcm  flask  equipped  with  a  reflux 

condenser  and  a  teflon  coated  magnetic  stir  bar  was  placed  15.1 
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grams  of  silica  gel  (washed  with  IM  HCl  and  dried  urrier  vacuum  at 
80°C  for  72  hrs),  0.235  grams  copper  (II)  chloride  (CuClj)  and  150 
mL  of  cartxxi  tetrachloride  (dried  over  4  A  sieves) .  Ihe  reaction 
mixture  was  stirred  and  heated  at  reflux  under  a  nitrogen  (N2) 
atmosphere  for  6  hours. 

Next  8.2  grams  of  anhydrous  aluminum  chloride  (AI2CI5)  was 
added  and  the  mixture  was  allowed  to  stir  at  reflux  under  a  N2 
atmosphere  for  24  hours. 

After  24  hours  the  reaction  mixture  was  filtered  under  an  N2 
atmo«^3here.  Ihe  filtrate  was  colorless  and  the  resulting  solid 
product  obtained  was  yellow  in  color. 

The  catalyst  was  water-sensitive  and  turned  v*iite  on  eiqxDsure 
to  moisture. 

Preparaticyi  of  a  Ccfcalt  fll)  Chloride-Aluminum  Chloride  Doped 
Catalyst  Using  Carbon  Tetrachloride  as  a  Solvent  | 

In  a  250  mL  3-neck  round  bottom  flask  equipped  with  a  reflux 
condenser  and  a  teflon  coated  magnetic  stir  bar  was  placed  15.0 
grams  of  silica  gel  (washed  with  IM  HCl  and  dried  under  vacuum  at 
80°C  for  72  hrs),  0.278  grams  cobalt   (II)  chloride  (CoCl2*6H20) 
and  150  mL  of  carbon  tetrachloride  (dried  over  4  A  sieves) .  The 
reaction  mixture  was  stirred  and  heated  at  reflux  under  a  nitrogen 
(N2)  atmosphere  for  6  hours. 

Next  8.4  grams  of  anhydrous  aluminum  chloride  (Al2Clg)  was 
added  and  the  mixture  was  allowed  to  stir  at  reflux  under  a  N2 
atmosphere  for  24  hours. 
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After  24  hcfurs  the  reaction  mixture  was  filtered  under  an  N2 
atmo^iiere.  The  filtrate  was  cxjlorless  and  the  resulting  solid 
product  obtained  was  blue  in  color. 

The  catcilyst  was  water-sensitive  and  turned  \(*iite  on  ej<posure 
to  moisture. 

Preparation  of  a  Inai  nil)  Chloride-Aluminum  Chloride  Doped 
Catalyst  Using  Carbon  Tetrachloride  as  a  Solvent 

In  a  250  mL  3-neck  round  bottcm  flask  equipped  with  a  reflux 
condenser  and  a  teflon  coated  magnetic  stir  bar  was  placed  15.8 
grams  of  a  FeCl2-Si02  catalyst  (pr^>ared  the  same  as  the  AICI2- 
Si02  catalyst  r^xDrted  in  chapter  II) ,  7.6  grams  aluminum  chloride 
and  100  mL  of  carbon  tetrachloride  (dried  over  4  A  sieves) .  The 
reaction  mixture  was  stirred  and  heated  at  reflux  under  a  nitrogen 
(N2)  atmosphere  for  24  hours.  1 

After  24  hcurs  the  reaction  mixture  was  filtered  xmder  an  N2 
atmo^iiere.  The  filtrate  was  colorless  and  the  resulting  solid 
product  obtained  was  brcwn  in  color. 

The  catalyst  was  water-sensitive  and  turned  lii^t  brown  on 
ejqxDsure  to  moisture. 


3.3  RESULTS  AND  DISCUSSIC^ 


Heterogeneous  Hydroqenation  of  C-Cl  BoncJs 

Vjhen  carbon  tetrachloride  or  tetrachloroethylene  were  used  as 
chlorine  sources  for  the  catalytic  cracking  runs  products  were 
observed  v«*iich  correspond  to  the  replacement  of  a  carbon-chlorine 
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bc»Td  with  a  cartxan-hydrogen  bond.  In  order  to  more  fully  explore 
this  diemistry  a  palladium  ( II  )-dc^Ded  acid  catalyst  was  prepared 
with  the  aim  of  catalytically  and  selectively  converting  CCI4  to 
CHCI3 .  Palladium  was  chosen  because  it  is  known  that  palladiim 
will  activate  dihydrogen  and  form  hydrogen  atcns  on  the  catalyst 
surface  v*iich  can  then  be  used  to  r^lace  a  chlorine  on  carbon 
tetrachloride. [83] 

The  ej^jeriments  to  determine  catalytic  activity  for  the 
palladium-doped  catalyst  were  conducted  in  a  heterogeneous  glass 
flew  reactor  as  described  in  the  previous  chapter.  A  hydrogen  gas 
feed  saturated  with  carton  tetrachloride  v^xDrs  was  passed  over 
the  catalyst  at  90 °C  and  atmos0ieric  pressure.  Table  3-1  gives  a 
summary  of  the  product  distribution  for  the  reaction  of 
W(II)AlCl2SG  with  H2  and  OCI4  at  90°C.  At  90°C  the  catalyst 
produces  chloroform  with  high  selectivity.  To  determine  v*iether 
the  Pd  doped  catcdyst  was  performing  the  actual  catalysis  two 
blank  reacticMTs  were  carried  out.  The  first  experiment  involved 
the  use  of  the  londoped  catalyst  with  an  H2  and  CCI4  feed  at  gcc. 
Only  two  trace  products  were  detected  vMch  mi^t  have  been 
phosgene  and  HCl.  No  chloroform  was  detected  even  at  140  °C  and 
any  other  products  formed  were  in  trace  amounts.  The  second  blank 
reactiOTi  involved  the  use  of  3%  palladium-on-charxx)al .  This  was 
to  determine  if  only  palladium  was  required  to  carry  out  the 
reaction.  Table  3-2  gives  a  summary  of  the  product  distribution 
for  the  reacticai  of  3%  palladium-on-charcoal  with  H2  and  CCI4  at 
90 °C.  A  wide  variety  of  products  are  formed  in  this  reaction. 
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Table  3-1.     Product  Distribution  for  M(II)A1C12-Si02  Catalyst 
at  90°C  with  H2  and  OCI4. 


FRODUCT 

AREA 

%  PRODUCT 

Ifrikncwn 

5871 

0.019 

Methane 

78492 

0.252 

Hiosgene 

60493 

0.194 

HCl 

56467 

0.181 

jthyl  Chloride 

21831 

0.070 

Chloroform 

3.0932  E+7 

99.285 
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Table  3-2.  Product  Distribution  for  a  3%  Palladium-on- 
Chartxal  Catalyst  at  90°C  with  H2  and  CCI4. 


H»DUCr 

APEA 

%  H^DUCT 

Methane 

1109700 

12.218 

Ethane 

1210900 

13.333 

Prcpane 

340890 

3.753 

Butane 

100530 

1.107 

Pentane 

100780 

1.110 

Chlorofonn 

6219500 

68.479 
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The  Ci  to  C5  hydrocarbons  arise  frcm  the  hydrogenation  of  the 
charcoal  support  and  the  presence  of  CHCI3  as  a  prrxJuct  indicates 
that  only  palladivm  is  needed  for  the  conversion  of  CX;i4  to  CHCI3. 

The  palladium  (II)  doped  acid  catalyst  has  been  produced  by 
two  different  methods  and  the  types  of  products  observed  from  each 
catalyst ^s  reacticn  with  carbcMi  tetrachloride  are  different.  The 
first  method  of  pr^jaraticMi  (method  I)  involved  treating  a 
RJ(II)Cl2  doped  silica  gel  with  aluminum  chloride  in  refluxing 
carbon  tetrachloride.  Ihis  type  of  catalyst  will  be  refered  to  as 
an  AI2CI6  treated  Ra(II)Cl2-Si02  catalyst. 

The  second  method  of  pr^>aration  (method  II)  involved  taking 
a  premade  batch  of  AI2CI6  treated  silica  gel  (AlCl3/Si02)  and 
doping  the  catalyst  with  M(II)Cl2.  I^is  catalyst  will  be  refered 
to  as  a  W(II)Cl2  doped  AlCl3/Si02  catalyst.  Other  catalysts 
prepared  by  these  methods  will  be  refered  to  in  a  similar  manner. 

As  stated  previously  the  catalyst  prepared  by  method  I  showed 
high  catalytic  activity  and  selectivity  for  the  formation  of 
chloroform  frcm  carbon  tetrachloride.  The  catalyst  pr^jared  by 
the  secOTd  method  displayed  quite  different  activities  and 
selectivities.  Typical  reaction  conditions  involved  placing  ~l 
gram  of  the  M  (II) -doped  catalysts  in  a  glass  flow  reactor  system 
and  passing  hydrogen  gas  saturated  with  carbon  tetrachloride  at 
various  tertperatures.  A  plot  of  activity  versus  time  for  the 
reaction  of  a  W(II)Cl2  doped  AlCl3/Si02  catalyst  with  carbon 
tetraciiloride  and  hydrogen  at  90°C  and  1  atan  pressure  is  show  in 
Figure  3-1. 
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For  the  first  few  hours  only  methane  vas  produced.  After  4.5 
hrs  ethane  and  prcpane  appeared  as  products  with  iscbutane 
starting  to  be  produced  after  5  hrs.  Large  amounts  of  C1-C4 
products  were  produced  during  the  first  18  hrs  of  operation 
hcwever  no  chloroform  was  observed  in  the  product  stream.  After 
18  hrs  of  reactiOTi  chloroform  was  observed  in  the  product  stream 
in  small  amcunts  and  the  catalyst  was  still  very  active  for  the 
C1-C4  hydrocarbons.  The  catalyst  activity  remained  stable  for  43 
hrs  at  v*iich  time  the  tenperature  of  the  reactor  was  raised  to 
100 °C.  No  significant  increase  in  chloroform  production  was  seen 
and  the  tenperature  was  raised  to  110°C.  At  110°C  hydrocarbon 
production  decreased  and  the  amount  of  chloroform  produced  was 
decreased. 

Next  the  esqjeriment  was  r^jeated  at  50''C  using  -1  gram  of  the 
M(II)Cl2  doped  AlCl3/Si02  catalyst  to  determine  if  chloroform 
could  be  produced  at  lower  tenperatures.  Thirty  minutes  after 
starting  the  reaction  small  amounts  of  methane  and  ethane  were 
detected.  Trace  amounts  of  propane  and  iscbutane  were  detected 
and  no  cilloroform  was  produced.  After  2.25  hrs  the  activity  of 
the  catalyst  for  C1-C4  hydrocarbons  was  increasing  and  a  trace 
amcunt  of  chloroform  was  observed.  By  3  hrs  catalyst  activity  for 
the  C1-C4  hydrocarbons  had  reached  a  stable  level  and  the  catalyst 
activity  for  chloroform  was  increasing.  At  5  hrs  the  amount  of 
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Figure  3-1.     Plot  of  Activity  vs  Time  for  the  Reacticxi  of 
M(II)Cl2AlCl2-Si02  Catalyst  with  cri^  and 
H2  at  90°C. 
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cilloroform  in  the  product  stream  was  6.4%  by  area  and  after  9  hrs 
ciilorofonn  represented  10.1%  of  the  products. 

Because  of  the  lew  percent  conversicai  of  ceirbon  tetrachloride 
to  chloroform  by  the  catalyst  pr^iared  by  method  II  the  catalyst 
pr^)ared  by  method  I  v^as  retried.  The  catcilyst  that  was  prepared 
by  method  I  c^jpeared  as  thou^  it  had  been  slightly  deccarposed  by 
OCTTtact  with  water  but  a  decision  was  made  to  try  the  catalyst  to 
determine  if  the  deccnposition  product  [W(II)-on-silica  gel] 
would  be  an  active  catalyst.  The  catalyst  was  run  in  the 
temperature  range  of  50°C  to  ISCC  and  the  products  monitored  by 
GC.  At  the  lower  tenperatures  (50°C  to  90°C)  C1-C4  hydrocarbons 
and  trace  quantities  of  chloroform  were  produced.  At  the  hi^er 
temperatures  (120°C  to  150°C)  only  trace  amounts  of  C1-C4 
hydrocarbcaTS  were  produced.  This  gave  seme  indication  that  the 
st^port  was  playing  a  role  in  the  formation  of  chloroform.  When 
blank  reaction  was  ccaiducted  losing  a  W(II)-on-silicagel  catalyst 
(prepared  without  aluminum  chloride)  no  products  were  observed 
even  at  225°C. 

If  the  undcped  acid  catalyst  is  reacted  with  carbon 
tetrachloride  and  hydrogen  no  activity  is  cAxserved.  When  carbon 
tetrachloride  and  hydrogen  are  reacted  with  a  3%  W-on-carbon 
catalyst  C1-C4  hydrocarbons  and  chloroform  are  produced.  At  this 
point  in  time  it  is  kncwn  that  the  M(II)  doped  catalyst  is 
capable  of  producing  chloroform  from  carbon  tetrachloride 
selectively  and  work  is  needed  in  getting  the  correct  catalyst 
ccnposition  and  the  best  method  for  pr^jaring  the  catalyst.  The 
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next  st^  is  to  lc»k  at  the  role  of  M(II)  versus  Bi(0)  as  in  our 
Pd (II) -doped  catcilyst  versus  the  3%  M-on-carbon  and  look  at  v^iat 
effect  prereducing  our  catalyst  would  have  cm  catalytic  activity. 

In  additic*!  to  using  the  W(  II) -doped  acid  catalyst  for 
hydrodechlorination  reactions  it  would  be  advantageous  to  use  this 
catalyst  in  hydrocracking  or  hydroreforming  reactions.  Typical 
reaction  conditions  include  ~1  gram  of  Bd(II)Cl2  dcped  AlCl3/Si02 
catalyst  cc»Ttacted  with  hydrogen  saturated  with  n-heptane  and 
cartxxi  tetrachloride  at  90 °C.  The  catalyst  was  very  active  for 
the  cracking  of  n-h^Jtane  but  no  signif icemt  differences  in  the 
product  distribution  was  noticed  vintil  after  30  hrs  into  the 
reacticai.  After  30  hrs  olefins  as  well  as  paraffins  were 
produced.  Hi^  catalytic  activity  was  maintained  for  52  hrs 
before  the  reactor  was  shut  dcwn.  The  appearance  of  the  catalyst 
was  caily  sli^tly  changed  after  use.  The  color  had  turned  from 
li^t  yellcw  to  a  darker  yellcw-brcwn  indicating  seme  build-up  of 
coke.  It  should  be  noted  that  v*ien  an  undc^jed  catalyst  is  lased  in 
this  reacticxi  the  catalyst  cokes  ip  and  turns  black  in  appearance 
and  at  no  time  during  the  reaction  are  any  olefins  produced.  The 
fact  that  olefins  are  not  produced  until  after  24  hrs  indicates 
that  seme  transformation  is  occurring  on  the  catalyst  surface  to 
form  a  palladiim  species  [maybe  Pd(0)  ]  v*iich  can  then 
dehydrogenate  paraffins.  This  indicates  that  the  role  of  the 
Pd(II)  or  Pd(0)  in  the  reaction  of  hydrocarbons  or  chlorinated 
paraffins  needs  to  be  looked  at  more  closely  to  determine  v*iat  the 
best  catalyst  composition  would  be  for  each  reaction. 
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Ihe  next  set  of  ej^Kriments  were  cxjrriucted  to  determine  the 
role  of  the  metcil  in  the  reaction  system  and  to  determine  v^iether 
the  ddiydrochlorinaticMi  or  hydrodechlorination  reaction  was 
dominant.  The  chlorinated  molecules  involved  are  carbon 
tetrachloride  and  1,2-dichloroethane.  All  eiqjeriments  were 
ccxiducted  in  the  syringe  puriped  flew  reactor  system  using  a  pulse 
technique.  This  involves  pulsing  the  reactant  feed  by  adding  the 
reactant  for  a  30  or  60  minute  interval  and  then  shutting  the  feed 
off  and  alleging  the  system  to  purge  at  reacticai  teirperature.  The 
purging  of  the  system  allcws  excess  solvent  vtiich  may  not  have 
been  volatilized  during  the  addition  process  to  be  removed.  This 
ke^)6  the  catalyst  frcm  being  soaked  in  one  reactant  vdiich  many 
inpede  the  reaction. 

A  typiceil  ejqaeriment  may  last  \jp  to  4000  minutes  and  consist 
of  20  to  25  pulses.  Reaction  tenperatures  range  from  80  to  225°C 
and  flew  rates  of  1  TaL/2   seconds  to  1  mI/50  seconds  are  common. 
All  catalysts  used  were  fine  pcvders  exc^jt  a  Pd-on-alumina 
catalyst  cbtained  frcm  Dr.  Ben  Huie  v^iich  was  1/16  inch  spheres. 
One  of  the  first  catalysts  used  was  the  Bd-on-alumina  catalyst 
obtained  frcm  VUlcan  and  was  used  in  the  sphere  form.  The 
reacticxi  was  conducted  by  passing  hydrogen  and  carbon 
tetrachloride  over  3.2  grams  of  a  W-on-alumina  catalyst  at  100 °C. 
The  W-cai-Alumina  catalyst  was  very  active  for  producing  C2-C5 
hydrocarbcHTS  with  itethane  the  predcminant  product.  When  the 
reacticffi  tenperature  was  raised  to  150  °C  catalyst  activity  dropped 
sli^tly  but  product  distribution  remained  the  same.  As  the 
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reactiOTi  teiperature  was  raised  to  175°C  and  200°C,  catalyst 
activity  increased  back  to  the  original  level  observed  at  100  °C 
and  Ghloroform  was  detected  as  a  reaction  product.  At  all 
reacticxi  terrperatures  seme  methylene  chloride  was  detected  in  the 
product  stream.  Ihe  formation  of  hydrocarbons  by  the  lase  of  a  Pd- 
CTi-cilumina  cateilyst  does  not  sound  unreasonable  and  confirms 
palladiums  role  in  the  formation  of  hydrocarbons  in  the  palladium- 
doped  acid  catalyst  system.  Earlier,  it  was  stated  that  a 
Pd(II)Cl2-dcped  acid  catalyst  pr^jared  by  the  reaction  of 
Pd(II)Cl2  with  silica  gel  and  subsequent  reaction  with  aluminum 
chloride  (method  I)  resulted  in  a  catalyst  vMch  was  active  for 
the  production  of  chloroform  from  carbon  tetrachloride  .  This 
catalyst  did  not  form  much  hydrocarbon  products  from  the  carbon 
tetrachloride  feed.  However,  vdien  a  Pd(II)Cl2-dcped  acid  catalyst 
pr^>ared  by  the  reaction  of  Pd(II)Cl2  with  an  AlCl2-SilicaGel 
catalyst  (method  II)  was  used  for  the  hydrodechlorination  of  CCI4 
the  major  products  of  the  reaction  were  hydrocarbons  with  only 
small  amounts  of  chloroform  and  methylene  chloride.  This 
indicates  that  vAien  a  palladium  center  is  on  the  surface  of  the 
catalyst  and  uncbstructed  by  aluminum  chloride  the  palladium 
center  will  totally  hydrodechlorinate  the  carbon  tetrachloride  to 
methane  and  sub-hydrocarbon  ^jecies  viiich  may  oligomerize  to  form 
larger  chain  hydrocarbon  products  via  a  Fisher-Trcpsch  type 
mechanism.  These  results  are  consistant  with  v*iat  has  been 
r^xorted  in  the  literature  for  palladium  based  dehydrochlorination 
and  hydrodechlorination  catalysts.  [74-81]  When  the  palladium 
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center  is  cbstxucted  by  aluminum  chloride  on  the  surface  (method 
I)  the  carbcxi  tetrachloride  cannot  directly  interact  with  the 
palladium  center  v*iich  will  leave  the  palladium  center  free  to 
activate  dihydrogen  to  form  palladium  hydrides.  Ihe  cartxsn 
tetrachloride  interacts  with  the  acidic  chloroaluminum  species  on 
the  catalyst  surface  and  using  a  hydride  fran  the  palladium  center 
(hydrogen  ^illover)  exchanges  a  single  chloride  for  a  hydride, 
forming  chloroform. 

Ihe  next  catalyst  used  was  a  K2FdCl4-dc^)ed  acid  catalyst 
pr^ared  by  method  I.  This  catalyst  was  chosen  because  no 
W(II)Cl2  ^•'^  available  at  the  time  and  it  was  thou^t  that  by 
starting  with  a  different  Pd(II)  species  mic^t  give  valuable 
information  on  the  role  of  the  metal  oxidation  state  and  to 
determine  v4iat  the  effect  the  potassium  ions  would  have  on  the 
catalysts  performance.  The  catalyst  was  reacted  with  carbon 
tetrachloride  at  100  °C  with  the  carbon  tetrachloride  pulses  at  a 
30  minute  additicai  rate.  The  catalyst  was  very  active  for  the 
productirai  of  hydrocarbons  with  methane  by  far  the  major  product. 
This  is  a  surprising  result  since  it  was  believed  that  if  the 
palladium  center  was  covered  by  aluminum  chloride  the  activity  of 
the  catalyst  for  total  hydrodechlorination  of  carbon  tetrachloride 
would  be  diminished.  There  are  at  least  two  possible  ei^lanations 
for  the  catalysts  behavior.  The  first  is  that  the  K2Raci4  moiety 
used  is  not  totally  covered  by  the  aluminum  chloride  due  to  its 
large  size  conpared  to  Ri(ll)Cl2  ^"^  results  in  the  palladium 
centers  ability  to  interact  directly  with  the  carbon 
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tetradiloride.  Another  eiqilanation  is  that  the  K2PdCl4  starting 
material  reacted  with  the  aluminum  chloride  to  form  AlCl4~  species 
on  the  silica  gel  surface.  Ihis  would  tie  v?)  the  K2FdCl4  as  an 
cduminum  chloride  ccnplex. 

Shewn  in  Figure  3-2  is  the  product  distributions  and  catalyst 
activities  for  the  reaction  of  Ba(II)Cl2-d<^)ed  acid  catalyst 
(method  II),  K2M(II)Cl4-dcped  acid  catalyst  (method  I),  and  Fd- 
on-alumina  with  cacton  tetrachloride  and  hydrogen  at  100  °C  in  a 
syringe  puirped  flow  reactor.  Ihe  product  selectivity  for  each  of 
the  catalysts  is  the  same  and  the  only  difference  is  the 
activities  for  each  product.  It  is  worthy  to  note  that  the 
K2Bd(II)Cl4-dcped  acid  catalyst  is  the  least  active  v*d.ch  suggests 
that  the  potassium  ions  decrease  the  catalysts  ability  to 
effectively  interact  with  carbon  tetrachloride  and  hence 
hydrodechlorinate  to  form  hydrocarbon  products. 

Ihe  next  set  of  experiments  conducted  involve  the  use  of  1,2- 
dichloroethane  as  a  reactant.  Ihe  first  ei^jeriment  involving  1,2- 
dichloroethane  consisted  of  taking  the  K2MCl4-doped  acid  catalyst 
and  (after  purging  for  24  hours)  adding  1,2-dichloroethane  at 
100 °C.  Fran  this  reaction  ethane  and  ethyl  chloride  were  observed 
as  products  along  with  seme  methane  arxi  prcpane  v*iich  was  from 
sane  of  the  carbon  tetrachloride  still  left  in  the  reactor.  When 
the  reaction  tenperature  was  raised  to  125°C  and  150°C  the 
catalyst  activity  increased  for  all  products.  At  150 °C  a  trace 
amount  of  v*iat  ^^jeared  to  be  vinyl  chloride  was  detected.  This 
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Figure  3-2.  Carparison  of  the  Prociuct  Distributions  for  the 
Reacticai  of  Varicus  Catalysts  with  CCI4  at  100  "C. 
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I 
experiment  was  terminated  due  to  the  uncertainty  of  the  catalyst 

conditiCTi  (used  previously  for  cart»n  tetrachloride  conversion) . 

With  a  clean  syringe  punped  flew  system  the  reaction  of  1,2- 
dichloroethane  and  hydrogen  with  a  Pd(II)Cl2  doped  AlCl3/Si02 
catalyst  at  100°C  was  conducted.  At  T=  30  minutes  a  GC 
chrcjnatogram  of  the  product  stream  revealed  ethane,  ethyl  chloride 
and  v*iat  speared  to  be  vinyl  chloride  as  products.  Ihe  peak 
\»*iidi  would  correspond  to  vinyl  chloride  was  small  and  the  peaks 
for  ethane  and  ethyl  chloride  were  large.  By  T=  390  minutes  the 
catalyst  was  reaching  maximum  activity  and  the  three  products  of 
the  reaction  were  ethane,  ethyl  chloride,  and  vinyl  chloride.  The 
amounts  of  vinyl  chloride  and  ethyl  chloride  were  about  equal. 
The  catalyst  was  run  for  3100  minutes  at  100°C  in  vAiich  time  the 
effect  of  flew  rate  and  pulse  length  were  studied.  After  3100 
minutes  the  tenperature  was  changed  to  80,  100,  125,  150,  175, 
150,  and  100 °C  respectively.  The  results  of  the  experiment  are 
described  in  the  following  paragraphs. 

Figure  3-3  shews  the  results  of  a  GC/FITR  eiqjeriment  on  the 
product  stream  frcm  the  reaction  of  1,2-dichloroethane  with  the 
W(II)Cl2  doped  AlCl3/Si02  catalyst.  The  doubling  of  the  first 
two  peaks  is  caused  by  the  injection  technique  and  the  corposition 
of  the  peaks  are  identical.  As  can  be  seen  in  Figure  3-3  the 
reaction  is  very  clean  giving  three  products.  Notice  that  there 
is  a  small  amount  of  carbon  tetrachloride  still  in  the  reactor. 
The  carton  tetrachloride  in  larger  concentrations  gives  rise  to 
hydrocarbons  such  as  methane,  ethane,  prcpane,  and  chlorxDform.  At 
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Figure  3-3.     GC-FTIR  Qmcnatogram  of  the  Product  Stream  frxm 
the  Reacticxi  of  a  Pd(II)Cl2AlCl2-Si02  Catalyst 
with  1,2-Dichloroethane  at  175  °C.  , 
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lew  <3onc3entratiOTTS  of  carbon  tetrachloride  these  products  are  not 
detectable.  When  hydrocarbons  were  detected  theywere  in  trace 
amounts. 

Evidence  for  vinyl  chloride  production  was  obtained  by 
GC/FTIR,  GC/MS,  and  GC  retention  time.  The  IR  for  Peak  #2  in 
Figure  3-3  is  shewn  in  Figure  3-4  along  with  the  4  best  EPA  Vapor 
Phase  Library  matches  (vinyl  chloride  was  the  best  pick) . 

The  results  of  the  difference  in  flew  rate  (Figure  3-5) 
indicates  that  at  fast  flew  rates,  ethane  production  is  favored 
over  vinyl  chloride  or  ethyl  chloride.  If  the  1,2-dichloroethane 
addition  period  is  extended  frcm  30  to  60  minutes  (Figure  3-6)  a 
slight  increase  in  activity  is  observed  but,  product  ratios  remain 
approximately  the  same. 

Figure  3-7  r^resents  the  product  distribution  and  catalyst 
activity  at  various  tenperatures.  Preliminary  results  suggest 
that  two  reaction  tenperature  regions  are  favorable  for  the 
formation  of  vinyl  chloride  and  ethyl  chloride.  The  hi^er 
temperature  hewever,  results  in  hi^er  ethane  production  viiich  is 
undesirable. 

Several  other  metal  dcped  acid  catalyst  were  tried  for  the 
hydrodechlorination  of  carbon  tetrachloride.  Two  metals  v*iich  have 
been  tried  are  iron  and  C(±alt.  The  iron  used  was  in  the  form  of 
ircai(Ill)  chloride  and  the  a±>alt  was  in  the  form  of  cobalt  (II) 
Chloride.  Both  catalysts  were  prepared  by  method  I.  The  cobalt 
catalyst  generated  only  small  amounts  of  methane  and  the  iron 
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Figure  3-5.     Product  Distributioi  fron  the  Reaction  of  1,2- 
Dichloroethane  with  Pi(II)Cl2AlCl2-Si02 
Catalyst  at  100°C  and  a  Flow  Rate  of  linI/2.4  sec. 
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Figure  3-6.  Product  Distriixitian  from  the  Reaction  of  1,2- 
Dichloroethane  with  M(II)Cl2AlCl2-Si02 
{Type  II}  Catalyst  at  100 °C  and  Various  Addition 
Times. 
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Figure  3-7.  Pnxiuct  Distribution  frcm  the  Reaction  of  1,2- 
Diciiloroethane  with  Fd(II)Cl2AlCl2-Si02 
(Type  II}  Catalyst  at  Various  Temperatures. 
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catalyst  generated  traces  of  hydrocarbons  and  small  amounts  of 
CHCI3.  Both  were  considered  inactive. 

In  continuing  the  line  of  ejqjeriments  performed  for  the 
reacticai  of  C-Cl  bonds,  transition  metal-dcped  catalysts  were 
employed  for  the  dehydrochlorination  of  1,2-dichloroethane.  The 
metals  used  for  the  latest  experiments  were  rhodium,  ruthenium  and 
palladium  as  well  as  the  undcped  acid  catalyst. 

Results  for  the  Rh(III)Cl3AlCl2-Si02  catalyst  are  shown  in 
Figure  3-8.  This  rhodium  catalyst  was  pr^jared  by  the  reaction  of 
RhCl3  and  Si02  in  carbon  tetrachloride  at  reflux  tenperature, 
isolation  of  the  Rh(III)Cl3-Si02  solid  and  subsequent  reaction  of 
the  Rh(III)Cl3-Si02  solid  with  aluminum  chloride  at  reflux. 

At  all  teirperatures  studied  ethane  was  by  far  the  most 
abundant  product  with  only  trace  quantities  of  vinyl  chloride 
being  detected.  Ihe  RhCl3  catalyst  would  seoxi  to  be  performing 
the  hydrodechlorinaticai  reaction  very  efficiently  with  only  a 
small  amount  of  dehydrochlorination  occurring.  An  alternative 
rtxite  would  be  a  very  facile  dehydrochlorination  of  1,2- 
dichloroethane  to  ethylene  and  subsequent  hydrogenation  of  the 
ethylene  to  ethane.  Ihe  former  ejqjlanation  seems  to  be  more  valid 
since  little  vinyl  chloride  is  (±)served  in  the  product  stream.  In 
either  case  no  carbon-carbon  bond  cleavage  products  are  ctoserved 
using  this  catalyst. 

Ihe  next  catalyst  studied  was  a  Ra(III)Cl3AlCl2-Si02  catalyst 
pr^iared  by  refluxing  RUCI3  and  silica  gel  in  carbon  tetrachloride 
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Figure  3-8.  Product  Distribution  frctn  the  Reaction  of  1,2- 
Dichloroethane  with  Rh(III)Cl3AlCl2-Si02 
Catalyst  at  Various  Temperatures. 
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and  after  several  hours  the  aluminum  chloride  was  added  to  the 
reactiOTi  inixture  to  form  the  final  catalyst. 

Of  all  the  catalysts  studied  to  date  the  RaCl3  catalyst  is  by 
far  the  roost  selective  catalyst  for  the  producticxi  of  vinyl 
chloride.  The  catcilyst  showed  good  resistance  to  coking  and  was 
stable  at  reaction  teirperatures  of  up  to  200°C.  The  results  of 
the  ruthenium  doped  acid  catalyst  are  shewn  in  Figure  3-9. 

Ihe  ccmmercial  dehydrochlorination  of  1,2-dichloroethane  is 
performed  at  450°C-550°C  under  a  pressure  of  4  MPa.[723  Many  by- 
products are  formed  from  the  reaction  and  to  decrease  the  amount 
of  by-product  formation  the  conversion  level  of  1,2-dichloroethane 
to  vinyl  chloride  is  maintained  at  50-60%.  A  selectivity  of  95- 
98%  to  viryl  chloride  can  be  achieved  under  these  reaction 
conditions.  It  should  be  noted  that  the  ruthenium  chloride  based 
catcilyst  operates  at  much  Icwer  pressures  and  teirperatures. 

Figures  3-10  to  3-14  are  summaries  of  the  other  catalysts 
tried  for  the  dehydrochlorination  of  1,2-dichloroethane.  The 
K2MCl4AlCl2-Si02  catalyst  in  Figure  3-10  was  pr^ared  by  method  I 
without  isolation  of  the  metal-doped  silica  gel  solid.  The 
temperature  range  studied  was  fron  100  to  215°C.  Results  from 
this  catalyst  are  similar  to  that  of  the  PhCl3-dcped  catalyst  in 
that  CHily  trace  quantities  or  no  vinyl  chloride  was  detected  in 
the  product  stream.  At  a  terrperature  of  200  °C  the  conversion  of 
1,2-dichloroethane  Wcis  at  a  maximum. 

Ihe  next  catalyst  used  for  the  dehydrochlorination  of  1,2- 
dichloroethane  was  an  AI2CI6  treated  Pd(II)Cl2-Si02  catalyst 
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Figure  3-9.     Prcxiuct  Distributicai  fran  the  Reacticai  of  1,2- 
Dichloroethane  with  Ru(III)Cl3AlCl2-Si02 
Cat£ilyst  at  Various  Tearperatures. 
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Figure  3-10. 


Product  Distrihution  frcm  the  Reaction  of  1,2- 
Dichloroethane  with  K2M(II)Cl4AlCl2-Si02 
Cat£ilyst  at  Various  Tenperatures. 
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Figure  3-11. 


PrcxJuct  Distribution  fron  the  Reaction  of  1,2- 
Dichloroethane  with  Ra(II)Cl2AlCl2-Si02  {Type  I) 
CatcLLyst  at  Various  Teitperatures. 
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Figure  3-12.  Ocrparisoi  of  all  Catalysts  Reacted  with  1,2- 
Dichloroethane  at  100 °C. 
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Figure  3-13.  Ccnpariscxi  of  the  RiCl2  and  K2P3CI4  Dcped  Solid 
Acid  Catalysts  {Type  I}. 
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Figure  3-14.     Ocnpariscxi  of  the  WCI2  Dcped  Acid  Catalysts 
Pr^>ared  by  Method  I  and  Method  II. 
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The  R3Cl2AlCl2-Si02  catalyst  was  effective  for  the  conversion  of 
1,2-dichloroethane  to  vinyl  chloride.  Maximum  conversion  of  1,2- 
dichloroethane  was  observed  at  200°C  with  a  subsequent  decrease  in 
ethane  producticai  >*iich  had  a  maximum  at  175 °C.  Results  for  the 
Pd(II)Cl2  catalyst  are  shewn  in  Figure  3-11. 

VJhen  all  of  the  iiietal-dcped  catalyst  (pr^jared  by  method  I) 
activities  are  oonpared  (for  the  reaction  with  1,2-dichloroethane 
at  100  °C)  it  is  observed  that  the  RhCl3  and  Paci2  catalysts  are 
the  most  active  in  terms  of  overall  activity  (Figure  3-12) . 

Figures  3-13  and  3-14  shew  the  ccnparisons  of  the  PdCl2  and 
K2PdCl4-Si02  catalysts  and  the  AI2CI6  treated  Pd(II)Cl2-Si02  and 
the  Pi(II)Cl2  doped  AlCl3/Si02  catalysts,  respectively.  Of  all 
these  catalysts  only  the  PdCl2  Type  II  catalyst  was  effective  for 
the  dehydrochlorination  of  1,2-dichloroethane  to  vinyl  chloride  at 
100°C. 

As  a  blank  reaction  the  undcped  acid  catalyst  was  used  for 
the  dehydrochlorination  of  1,2-dichloroethane.  Ihe  reaction  of 
AlCl2-Si02  with  1,2-dichloroethane  was  conducted  at  tenperatures 
of  100  to  175 °C.  At  all  tenperatures  little  or  no  vinyl  chloride 
was  observed.  The  undc^jed  catalyst  also  shewed  signs  of  extreme 
coking.  Two  products  were  produced  during  the  reaction  v*iich  were 
of  importance.  One  product  was  ethyl  chloride  and  the  other  was 
1,1-dichloroethane.  Figure  3-15  shews  the  activity  of  the  undoped 
catalyst  at  various  tenperatures  for  ethyl  chloride.  Notice  that 
the  undcped  catalyst  is  much  less  active  than  any  of  the  metal- 
doped  catcLLysts  used.  The  conversion  of  1,2-dichloroethane  to 
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Figure  3-15. 


Product  Distributicxi  for  the  Reaction  of  1,2- 
Dichloroethane  with  AlCl2-Si02  catalyst  at 
Various  Reacticai  Terrperatures. 
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1,1-dichloroethane  was  the  predcminant  reaction  and  at  175  °C  the 
conversicai  was  estimated  at  48.5%.  Ihe  production  of  1,1- 
dichloroethane  from  1,2-dichloroethane  was  only  dbeerved   for  the 
undcped  acid  catalyst. 

Hydrodechlorination  of  Carton  Tetrachloride  at  High  Conversion 
Eates 

The  work  r^xDrted  in  this  section  enploys  the  use  of  a 

modified  syringe  punped  flew  reactor  with  hi(^er  space  velocities 

and  shorter  retention  times.  The  modifications  to  the  flow 

system  includes  the  use  of  a  preheated  zone  which  is  ten  times 

thecatalyst  zone.  Ihis  allcws  prcper  mixing  and  heating  of  the 

reactants  before  they  corae  into  contact  with  the  catalyst.  Another 

modification  eroploys  the  vise  of  a  rotaflcw  meter  to  monitor  the 

hydrogen  gas  flew  throui^  the  system.  Typical  reaction  conditions 

were  used  with  flew  rates  of  180  cc/min  to  360  cc/min  and  0.01 

oc/min  of  cartxan  tetrachloride  at  tenperatures  of  100°C  to  200°C. 

Hydrogen  chloride  evolution  was  monitored  by  dispersion  of 

effluent  gas  throui^  dH20  and  titration  of  the  HCl/dH20  solution 

with  a  standardized  NaCH  solution.  The  catalysts  used  were  the 

RhCl3,  RaCl3,  PdCl2  and  CuCl2/RhCl3  dcped  acid  catalysts  prepared 

by  method  I.  Collection  times  for  the  detection  of  HCl  were  from 

30  to  60  minutes.  Products  were  detected  by  GC  using  FID  for  the 

hydrocarbon  products  and  TCD  for  the  detection  of  the  chlorinated 

hydrocart)C»i  products.  Mass  balajTces  were  performed  on  the 

reactions  hewever  the  hydrogen  in  the  effluent  gas  stream  was  not 

quantified  so  the  mass  balance  for  hydrogen  did  not  equal  100%. 
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Ihe  mass  beLLanoe  for  cart)on  did  not  equal  100%  in  eill  the  runs  and 
was  due  to  other  products  being  formed.  One  of  those  produc±s  was 
hexachloroethane.  At  the  end  of  the  RhCl3  catalyst  run  0.140g 
(5.9  X  10"'*  moles)  of  C2CI6  was  isolated  as  v*ute  crystals  on  the 
walls  of  the  reactor  after  the  catalyst  zone.  This  most  likely 
represents  a  small  porticai  of  the  C2CI6  actually  formed.  The 
formatioi  of  hexachloroethane  indicates  that  a  radical  mechanism 
for  the  hydrodechlorination  is  occurring  vAiich  is  consistent  with 
v*iat  is  r^xDrted  in  the  literature.  [77,81]  In  all  cases  greater 
than  60%  of  the  HCl  detected  resulted  from  the  production  of 

methane.  For  the  RhCl3AlCl2-SilicaGel  catalyst  the  maximum 

I 
conversicai  rate  of  carbon  tetrachloride  to  chloroform  occurred  at 

a  terrperature  of  150°C.  Ihe  conversion  rate  at  150°C  was  0.057 

grams  0Cl4/gram-cat*hour  to  chloroform  (a  1.2%  conversion) .  The 

maximum  ccoTversion  rate  of  carbon  tetrachloride  to  products 

occurred  at  200°C  with  a  rate  of  0.43  grams  0Cl4/gram-cat*hour  (a 

96.4%  conversion). 

Ihe  effluent  gas  was  collected  for  a  total  of  410.75  minutes 

(in  a  reaction  terrperature  range  from  100°C  to  200°C)  vMch 

corre^xDnds  to  4.12  grams  of  carbon  tetrachloride  added.  The 

carbon  tetrachloride  was  converted  to  3.34grams  of  products  which 

is  a  81.1%  OCTTversion  of  carbon  tetrachloride  to  products. 

For  the  RuCl3AlCl2-SilicaGel  catalyst  the  maximum  conversion  rate 

to  chloroform  occurred  at  a  tenperature  of  200°C  with  a  conversion 

rate  of  0.0136  grams  CCl4/gram-cat*hour.  Ihe  conversion  rate  of 

carbon  tetrachloride  to  products  at  200 °C  is  0.0271  grams 
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a:i4/grain-cat*hcur.  Ihe  effluent  gas  was  collected  for  a  total  of 
1162.5  minutes  which  corresponds  to  11.625  graite  CX:i4  added.  The 
carfxn  tetrachloride  was  converted  to  0.371  grains  products  v*iich 
is  a  3.19%  ccHTversiCTi. 

Qie  atterrpt  enploying  a  RiCl2-dc^jed  catalyst  resulted  in  some 
chloroform  producticai.  At  a  temperature  of  100  °C  a  conversion  rate 
of  0.003  grams  CCl4/gram-cat*hour  was  observed  v*uch  is  a  0.5% 
conversion  to  chloroform.  A  second  trial  of  the  EdC12AlCl2- 
SilicaGel  catalyst  revealed  only  hydrocarbons  as  products.  The 
total  ccawersion  was  greater  than  50%  but  no  chloroform  was 
produced.  A  blank  reaction  using  M(II)Cl2-on-silica  gel  without 
aluminum  chloride  present  shewed  no  activity  even  at  225 °C.  A  new 
catalyst  has  been  pr^ared  vftiich  contains  2%  CUCI2  and  0.02% 
RhCl3-on-silica  gel  v*iich  is  then  reacted  with  aluminum  chloride. 
This  catalyst  shewed  good  production  of  chloroform  with  greatly 
reduced  hydrocarbon  production  at  a  teirperature  range  between 
150°C  and  200°C. 

This  system  must  be  run  and  quantitative  results  <±)tained. 
The  results  frcm  our  last  set  of  experiments  indicated  that 
hydrocarbon  formation  frcm  carbon  tetrachloride  is  the  predominant 
pathway.  This  is  due  to  the  hi^  concentration  of  noble  metal 
present  cai  the  surface  of  the  catalyst.  One  way  in  vfcLch  to 
decrease  the  formation  of  the  hydrocarbons  is  to  use  much  less 
noble  metal.  Currently  a  2%  loading  is  used  and  this  amount  could 
be  Icwered  to  0.05%  if  the  function  of  the  metal  in  forming 
chloroform  is  to  generate  hydride  from  dihydrogen.  In  order  to 
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get  good  dispersicai  eind  to  make  sure  the  noble  metal  is  not  on  the 
catalyst  surface  the  nci)le  metal  is  d^xDsited  with  2%  of  a  metal 
chloride,  oxide  or  cartx)nyl  vAiich  does  not  react  with  carton 
tetrachloride  alone.  This  support  material  is  then  treated  with 
aluminum  chloride  to  produce  our  final  catalyst.  In  this  way  it 
is  hoped  that  the  hi^ier  dispersion  will  cause  a  decrease  the 
catalysts  activity  for  hydrocartxjn  formation  and  increase  the 
production  of  chloroform  from  caibon  tetrachloride.  Ihe  bulk 
metal  chloride  or  metal  oxide  that  are  currently  being  studied  are 
CX1CI2  and  C0CI2.  Cc^per  chloride  and  cctoalt  chloride  were  chosen 
because  they  shew  no  activity  for  the  reduction  of  carbon 
tetrachloride . 

A  catcilyst  was  pr^jared  that  consisted  of  0.02%  RuCl3/2% 
CUCI2  OTi  silica  gel  that  was  treated  with  aluminum  chloride.  VJhen 
this  catalyst  was  run  for  the  hydrodechlorination  of  carbon 
tetrachloride  the  activity  for  chloroform  production  was  the  same 
as  the  2%  RUCI3  doped  acid  catalyst  and  the  amount  of  hydrocarbons 
formed  was  diminished.  This  system  did  not  shew  an  increase  in 
chloroform  production  and  still  formed  hydrocarbon  products. 

Heterogenous  Hydrodechlorination  of  Carbon  Tetrachloride 

As  eluded  to  earlier,  the  ncAile  meteil  dcped  solid  acid 
catalysts  are  too  reactive  with  carbon  tetrachloride  to  produce 
chloroform  selectively  without  an  additional  hydrocarbon  in  the 
reactant  stream.  The  reaction  path  tcward  methane  and  sub- 
hydrocarbon  species  frcm  carbon  tetrachloride  is  very  facile  and 
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causes  the  formation  of  unwanted  hydrocarbons  instead  of 
chloroform.  The  chemistry  involved  is  the  radical  chemistry  of 
the  ncbel  metcLLs  and  is  well  kncwn.  It  is  this  radical  chemistry 
that  gives  rise  to  the  unselective  conversion  of  carbon 
tetrachloride  to  hydrocarbcais  and  hence  a  new  reaction  system 
needs  to  be  developed  v*iich  excludes  this  type  of  radical 
chemistry  or  operates  under  less  stringent  conditions. 

One  directicai  that  can  be  taken  is  to  look  at  more  milder 
hydrogenaticxi  systems  such  as  metal  carbonyl  ccnplexes  and 
organcmetallic  systems.  There  have  been  r^xDrts  in  the  literature 
of  noble  metal  carbonyl  ccnplexes  and  orgaronetallic  ccarplexes 
used  to  activate  carbon-chlorine  bonds. [84-86]  A  report  by  Kono 
et  al.[85]  states  that  hydrogen-chlorine  exchange  between  organo 
silicon  hydrides  and  polychloro-alkanes  can  be  catalyzed  by 
ruthenium ( II )-phcisEiiine  ccnplexes.  The  systems  can  give  100% 
conversion  of  carbon  tetrachloride  to  chloroform  hcwever,  the 
systems  is  stoichicmetric  in  silicon-hydride  \n*iich  makes  the 
process  unattractive.  A  r^xart  by  Ungvary  and  Marko[86]  states 
that  the  stoiciiicmetric  hydrodehalogenation  and  fomiylation  of 
organic  hcilides  may  be  conducted  using  tetracarbonyl  cobaltate(- 
I) .  This  reaction  proceeds  by  generation  of  hydrido  tetracarbonyl 
cobaltate  and  an  alkyl  tetracarbonyl  cc4>altate  species  vMch  react 
to  form  R-H  and  dicobaltoctacarbonyl .  i 

The  use  of  hydrido  c(±)alt  tetracarbonyl  as  a  hydrogenation 
catcilyst  has  been  well  documented  [87]  and  is  postulated  as  the 
catalytic  species  in  the  cctoalt  catalyzed  hydroforraylation  of 
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olefins  using  dicxialt  cctacarbonyl.  [88]  In  examining  the 
mechanism  for  the  hydrodechlorination  of  cartxsn  tetrachloride 
using  dicobalt  octacarbonyl  a  similarity  between  the 
hydrodeciilorination  and  hydroforraylation  reaction  is  observed. 
Both  reactiOTTS  involve  the  formation  of  hydrido  ccbalt 
tetracarbcx^l  and  activation  of  the  substrate  by  oxidative 
additicHi  to  form  an  alkyl  cobalt  tetracarbonyl  catplex  which  will 
then  react  with  cobalt  hydride  to  reductively  eliminate  an  alkane 
and  form  dicobalt  octacarbonyl.  Indeed,  it  was  r^xDrted  by 
Uhgvary  and  Marko[86]  that  the  Cl3C-Co(00)4  ccnplex  would  insert 
carbon  monoxide  to  form  the  acyl-cobalt  ccttplex  v*iich  then  will 
react  with  hydrido  cobalt  tetracarbonyl  to  form  the  formylated 
products.  It  has  been  stated  in  a  review  of  the  activation  of 
molecular  hydrogen  [83]  that  the  activation  of  alkyl  and  acyl 
halides  by  platinum  grotp  metal  ccjiplexes  is  closely  related  to 
the  activation  of  hydrogen. 

With  this  information  in  mind  a  new  set  of  a  catalysts  were 
errployed  for  the  conversion  of  carbon  tetrachloride  into 
chloroform.  Several  catalysts  were  pr^>ared  v*iich  contained  two 
grot^)  Vlll-metal  carboryl  clusters  bound  to  a  silica  si;5)port 
throu^  diphenylphosphino  silane  linkages.  Ihe  method  of 
cinchoring  metal  carbonyl  clusters  to  si^^ports  via  organo  silanes 
is  well  kncwn  and  has  been  r^X5rted  extensively  in  the 
literature. [89-91]  These  heterogenous  metal  carbonyl  catalysts 
were  used  in  order  to  have  milder  hydrogenation  systems  than  the 
metcil  or  metal  chloride  systems  previously  tried.  ' 
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The  first  catalyst  used  was  a  silica  gel  supported  Rh^  (00)  ^5 
/Oo2(CX))8  system  using  an  organosilane  linkage  to  the  si.?port. 
The  total  loading  of  metal  cartxxTyl  was  0.5  mmole/gram  with  a 
Ki£(CX))i6  to  Co2(CO)q   ratio  of  1:1.  One  gram  of  catalyst  was  used 
in  the  syringe  pumped  flew  reactor  with  an  addition  rate  of  CC14 
of  0.01  cc/min,  a  hydrogen  flew  rate  of  120  to  190  cc/min  and  a 
teanperature  range  of  90  -  200°C.  At  90  °C  the  conversion  of 
carton  tetrachloride  to  chloroform  was  0.00062%  and  the  total 
conversion  of  cartxsn  tetrachloride  to  products  was  0.06%. 
Products  observed  other  than  chloroform  were  CY-C2   hydrocartons. 
As  the  temperature  was  increased  from  90°C  to  200°C  the  percent 
conversic»i  of  carton  tetrachloride  to  chloroform  increased  from 
0.0062  to  3.18%  and  the  total  conversion  of  carbon  tetrachloride 
to  products  increased  from  0.06%  to  8.17%.  The  amount  of 
hydrocarboTS  produced  by  this  system  was  significantly  lower  than 
the  previously  studied  metal  and  metal  chloride  based  catalysts. 
Hcwever,  the  amount  of  chloroform  was  not  substantially  increased. 
The  object   in  using  this  system  was  to  have  the  ccfcalt  carbonyl 
^Kcies  react  with  carbon  tetrachloride  to  form  the 
trichlorocarbon  ccbalt  carbonyl  species  v^ch  could  then  react 
with  a  metal-hydride  to  form  chloroform  without  hydrocarbon  side 
products.  This  objective  was  partially  met  in  that  chloroform  was 
produced  in  significant  amounts  with  a  large  si^pression  in 
hydrocarbon  formation.  To  trace  the  hydrocarbon  formation  a 
Rh5(CD)]^6  catalyst  was  used  to  determine  if  the  hydrocarbons  were 
coming  from  the  rhodium  centers.  Under  the  same  conditions  as  the 
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last  catalyst  am  gram  of  silica  gel  sv:pported  Rh^(CX))]^g  using  an 
organo-silane  linJcage  was  used  at  a  teitperature  range  of  90  to 
200  °C.  The  cc»Tversion  of  the  Rh5(CD)i5  based  catalyst  to 
chloroform  at  200 °C  was  2.07%  however  a  large  amount  of 
hexachloroethane  was  eilso  produced.  When  the  teitperature  was 
raised  to  225 "C  the  catalyst  activity  for  chloroform  drojped  to 
near  zero  and  the  amount  of  carbon  tetrachloride  in  the  product 
stream  fell  to  near  zero.  Large  amounts  of  hexachloroethane  were 
observed  to  d^xasit  on  the  reaction  walls  and  the  catalyst  turned 
brcwn  in  color.  Other  metal  carbonyls  were  also  used  such  as 
RU3  (C30)  2  in  ccnibination  with  Rhg  (CD)  3^5  and  CO2  (CD)  3  but  in  each 
case  no  greater  than  4%  conversion  to  chloroform  was  observed. 
The  large  amount  of  hexachloroethane  in  the  Rhg(CD)]^5  system 
indicates  that  extensive  radical  chemistry  is  occurring.  Since  it 
was  previously  stated  that  a  system  was  desired  vAiich  did  not 
proceed  by  a  radical  mechanism  but  by  a  covalent  activation  of  the 
C-Cl  bcaid  a  new  system  was  devised  v*iich  would  capitalize  on  the 
chemistry  of  the  HCo(CD)4. 

A  hcmogenous  cobalt  hydrogenation  catalyst  viiich  is  similar 
to  the  hydride  ccbalt  tetracarbonyl  system  is  the 
pentacyanocobaltate(II)  hydrogenation  catalyst.  The 
pentacyanocci>altate(II)  species  has  been  studied  extensively  and 
there  has  been  many  r^»rts  published  cm  its  reaction  and  kinetic 
properties. [92-95] 

Solutions  of  pentacyanocQbaltate(II)  can  be  prepared  by  the 
addition  of  excess  cyanide  to  aqueous,  methanol  or  methanol- 
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glycerol  solutions  of  cobaltous  salts  iinder  inert  atmosjiiere 
ccaiditiCTis  and  may  be  isolated  as  salts  of  the  dimer 
[Co2(CN)lo]^~' [^2]  The  dimer  is  r^)orted  to  undergo  hydrogenation 
to  form  2[IKjo(CN)5]-^~  vAiich  may  then  be  used  as  a  hydrogenation 
catalyst.  [92-95]  The  dimer  is  also  r^xjrted  to  undergo  reaction 
with  organic  hcilides  to  form  [RCO(CN)5]-^~  +  [XCo(CN)5]-^"  and  in 
alkaline  solutions  of  [HCo(CN)5]^~  with  [€0(01)5]-^"  present  the 
catalytic  reduction  of  organic  halides  to  R-H  takes  place. [92] 
To  further  explore  this  chemistry  for  the  conversion  of  carbon 
tetrachloride  to  chloroform  several  reactions  were  conducted  using 
pentacyano-ccbaltate(II)  as  a  hydrogenation  catalyst.  Since 
pentacyano-OQbaltate(II)  has  limited  solubility,  [92]  solutions  of 
pentacyano-cobaltate(II)  were  pr^jared  in  aqueous  solutions  and 
phase  transfer  agents  were  used  to  bring  the  pentacyano- 
ccJDaltate(II)  into  the  organic  solvents.  The  catalyst  was 
pr^iared  by  dissolving  1.3  grams  of  C0CI2  6H2O  in  100  mL  N2 
degassed  dH20  and  adding  2.0g  NaCN.  To  the  resulting  olive  green 
soluticai  a  10  to  25  mL  solution  of  carbon  tetrachloride  or 
methylene  chloride  containing  a  phase  transfer  agent  in  a 
ocxioentration  three  times  the  ccbalt  concentrations  was  added. 
The  two  phases  were  s^iarated  by  Schlenk  techniques  and  placed 
into  a  250  mL  pressure  bottle  equipped  with  a  liquid  withdrawal 
port.  A  typical  ea^periment  enployed  50mL  of  reactant  solution 
containing  ~3  x  10"-^  moles  pentacyanocc±»altate(II) ,  9  x  10"-^  moles 
phase  transfer  agent  and  30  psig  hydrogen  with  a  reaction    | 
temperature  of  70  to  100°C. 
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The  first  reacticai  conducted  used  a  tvro  solvent  system 
cxxTtaining  cztrtxai  tetrachloride  and  methylene  chloride.  The 
react icxi  was  ccaiducted  in  a  250  mL  Parr  pressure  bottle  apparatus 
v*iicti  coTtained  50  mL  of  a  CH2CI2/OCI4  soluticai  in  a  3:1  ratio  by 
volume.  The  solution  contained  1  x  10"-^  moles  of 
pentacyanooGbaltate(II)  and  3  x  10"-^  moles  of 
Benzyldimethylstearyl  ammonium  chloride  monchydrate  (j*xase 
transfer  agent) .  The  apparatus  was  pressurized  with  30  psig  H2 
and  cillcwed  to  react  mixture  turned  to  an  emerald  green  color  frcm 
eui  orange  color.  Frcm  injections  before  and  after  catalysis  there 
was  a  decrease  in  the  amount  of  methylene  chloride  by  15.9%  and  a 
decrease  in  the  amount  of  cartoon  tetrachloride  by  8.5%.  A  two 
solvent  system  was  used  because  the  phase  transfer  agent  had  a 
limited  solubility  in  carbon  tetrachloride.  Since  the  reaction 
was  successful  a  single  chloroform  solvent  system  (CCI4)  was  used 
with  a  different  phase  transfer  agent  in  order  to  study  the 
react iOTi  of  carbon  tetrachloride  more  closely. 

The  next  experiment  used  50  mL  Ccirbon  tetrachloride  vhich 
contained  6  x  10"-^  moles  of  Aliquat  336  (Ehase  transfer  agent)  to 
transfer  3.4  x  10"-^  moles  of  pentacyanocobaltate(II)  out  of  a  dH20 
soluticxi.  The  reaction  was  run  at  100°C  and  32  psig  H2.  The 
pressure  bottle  was  r^seatedly  refilled  (purged)  with  H2  and 
sanples  taken.  After  900  minutes  hcwever  the  solution  only 
contained  10.4  mmoles  chloroform.  The  solution  was  a  very  dark 
emerald  green  in  color.  If  the  solution  was  taken  (after  T=  975 
minutes)  and  NaBH4  was  added,  the  solution  would  listen  in  color 
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and  chloroform  would  be  produced.  If  25  mL  of  the  same  solution 
before  catalysis  was  used  with  25  inL  dH20  and  30  psig  H2  at  100 °C 
only  1  mnole  of  product  is  c^Dserved  and  the  solution  remained  the 
original  orange  color  of  the  carton  tetrachloride  solution.  Since 
the  original  dH20  solution  is  olive  green  (pentacyano- 
ccbaltate(II))  and  addition  to  0C14  solution  produces  a  solution 
with  an  orange-yellcw  color  a  reaction  must  take  place.  During 
catalysis  in  the  absence  of  water,  the  solution  turns  an  emerald 
green  and  chloroform  is  produced  in  catalytic  quantities.  When 
water  is  present  only  stoichionetric  quantities  are  formed  and  the 
solutiCTi  remains  the  same  color.  It  maybe  that  in  the  presence  of 
excess  chlorocarton  very  little  [HCo(CN)5]-^~  is  formed  and  the 
reacticai  is  slew  due  to  the  formation  of  large  quantities  of 
chloroalkyl  cobalt  species.  Ihis  is  indicated  by  the  fact  that  if 
a  hydride  source  such  as  NaBH4  is  added,  chloroform  is  produced. 
In  order  to  overccroe  the  prcblem  associated  with  neat  substrate  a 
co-solvent  system  was  tried  v^ere  one  of  the  solvents  is  not  a 
chlorocarixai.  The  solvent  chosen  was  l-methyl-2 -pyrrol  idinone 
because  of  its  miscibility  with  carbon  tetrachloride  and  low  vapor 
pressure. 

A  solution  of  l-methyl-2-pyrrolidinone  (35  mL)  and  carbon 
tetrachloride  (15  mL)  containing  2.94  x  10"^  moles  of  cobalt  was 
placed  in  a  Parr  pressure  bottle  apparatus  with  32  psig  H2  and 
heated  to  lOO'C.  At  T=  60  minutes  (1.95  mmole)  of  CHCI3  were 
produced  at  rate  of  4  Turnovers  per  hour.  At  T=  80  minutes,  14.35 
ramoles  CHCI3  were  produced  at  a  rate  of  15.4  Turnover  per  hour. 
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At  T=  120  the  solutiai  was  a  very  dark  red  color  and  had  an  amine 
odor  (pyridine)  indicating  that  decaiposition  of  the  solvent  was 
occurring.  Ihe  HCl  generated  in  the  reacticMi  was  opening  the  ring 
of  the  l-inethyl-2-pyrrolidinone  and  the  ring  evened  product  was 
reacting  with  carbon  tetrachloride.  The  red  color  may  also  be  due 
to  sane  polymeric  species  generated  by  the  reaction  with  CCI4. 

■Hie  biphasic  systems  studied  {CCl^dii20,   0Cl4/ethylene 
glycol,  0Cl4/aoetonitrile)  give  rise  to  stoichicmetric  or  slightly 
hitler  than  catcilytic  amounts  of  CHCI3.  Systems  enploying  pure 
halogenated  solvents  such  as  CX:i4  are  catalytic  but  the  rates  are 
extremely  lew.  With  this  information  in  mind  more  eitifiiasis  will 
be  placed  on  finding  a  miscible  co-solvent  system  for  the 
conversion  of  CCI4  to  CHCI3.  The  system  of  CCl4/l-roethyl-2- 
pyrrolidinone  may  be  a  good  system,  however,  it  would  have  to  be 
run  in  a  stirred-flow  batch  reactor  so  that  the  HCl  and  CHCI3 
generated  in  the  reaction  can  be  removed  from  the  reactor  to 
prevent  any  solvent  deconoposition. 

3.4  Summary 

The  main  gocil  of  this  investigation  was  to  develop  a 
heterogeneous  catalyst  for  the  dehydrochlorination  and 
hydrodechlorination  of  various  polychlorinated  molecules.  Carton 
tetrachloride  was  chosen  as  a  subtrate  due  to  the  interest  in 
selectivly  ccaiverting  carbon  tetrachloride  to  chloroform.  The 
other  substrate  chosen  was  1,2-dichloroethane  in  an  attenpt  to 
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develop  a  catcilytic  process  for  the  productioi  of  vinyl  chloride. 
When  metal  chloride-doped  solid  acid  catalysts  were  used  for  the 
catalytic  cracking  of  hydrocaitxDns  using  carbon  tetrachloride  or 
tetrachloroethane  as  a  chlorine  source,  products  were  observed 
v*iich  corre^x>nd  to  the  replacement  of  a  carbon-chlorine  bond. 
One  of  the  first  metals  chosen  was  palladium  becaiase  of  its 
ability  to  activate  dihydrogen.  Results  from  the  reaction  of  the 
W(II)Cl2AlCl2-silica  gel  catalyst  with  CCI4  and  H2  indicated  that 
the  activity  and  selectivity  greatly  d^jended  upon  the  catalyst 
pr^araticxi.  When  the  metal  chloride  was  placed  on  the  inorganic 
oxide  before  treatment  with  aluminum  chloride  (method  I) , 
chloroform  was  detected  in  the  product  stream.  Only  hydrocarbons 
were  detected  in  the  product  stream  when  the  metal  chloride  was 
placed  CXI  the  catalyst  after  aluminum  chloride  treatment  (method 
II) .  The  catalyst  pr^jared  by  method  II  exhibited  properties 
simlar  to  ocaiventional  hydrodechlorination  catalysts  such  as  Pd- 
on-carbon  and  M-on-alumina.  When  the  form  of  the  palladium 
chloride  was  changed  to  the  potassium  salt  (K2FdCl4)  the  activity 
of  the  catalyst  was  decreased  and  the  selectivity  remained 
unchanged.  This  suggests  that  the  potassium  ions  reduce  the 
catalysts  ability  to  effectivly  interact  with  the  carbon 
tetrachloride . 

Several  other  metal-dc^jed  catalysts  were  investigated  for  the 
hydrodechlorination  of  carbon  tetrachloride.  When  CUCI2,  C0CI2 
and  FeCl3  were  used  as  the  metal  chloride  no  conversion  of  carbon 
tetrachloride  was  evident.  For  the  RhCl3,  RUCI3  and  RhCl3/aaCl2 
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doped  catalysts  products  were  detected  v*iich  corresponded  to  the 
hydrodechlorination  of  CCI4.  In  all  cases  greater  than  90%  of  the 
products  produced  was  methane. 

In  addition  to  the  hydrodechlorination  of  carbon 
tetrachloride  each  of  the  previously  menticHTed  catalysts  were  used 
for  the  ddiydrxxiiloriation  of  1,2-dichloroethane.  Ihe  most  active 
catcilyst  for  the  conversion  of  1,2-dichloroethane  to  products  was 
the  RhCl3-dcped  acid  catalyst.  The  major  product  of  the  reaction 
was  ethane  and  only  trace  quantities  of  vinyl  chloride  were 
detected.  Once  again  catalyst  activity  d^jended  on  the  catalyst 
preparation.  The  Raci2-dcped  acid  catalyst  (method  II)  was 
th^east  active  catalyst  and  the  MCl2-dcped  acid  catalyst  (method 
I)  was  the  second  most  active  catalyst.  One  catcilyst  was  very 
selective  for  the  dehydrochlorination  of  1,2-dichloroethane  to 
vinyl  chloride.  The  RuCl3-dcped  acid  catalyst  at  200 °C  produced 
vinyl  chloride  with  an  85%  selectivty  and  moderate  activity. 

Several  heterogeneous  metal  cartonyl  catalysts  were 
investigated  for  the  hydrodechlorination  of  CCI4.  The  metal 
carfx>nyls  used  were  m^(CO)i^,   002(^)8  ^^  1^3(00)12-  Each  of 
the  metal  carbonyl  ccnplexes  were  anchored  to  a  silica  gel  support 
via  a  phosphino-silane  linkage.  When  the  catalysts  were  enployed 
for  the  hydrodechlorination  of  caxbon  tetrachloride  a  maximum  of 
3%  conversion  to  chloroform  was  cbserved  with  only  a  small  amount 
of  hydroccu±)ons  produced. 

Finally,  sonte  work  was  performed  on  the  homogeneous 
hydrogenation  of  carbon  tetrachloride  to  prduce  chloroform  using 
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[H0o(CN)5]"^~  as  the  hydrogenaticai  catalyst.  Preliminary  work 
using  [HOo(CN)5]-^~  shew  that  the  carbon  tetrachloride  can  be 
hydrodechlorinated  to  produce  chloroform  selectivly.  More  work 
needs  to  be  performed  using  this  catalyst  system  to  make  the 
reacticai  catalytic. 


CHAPTER  IV 
CDtKJJJSlOtl 


Ihe  objective  of  the  researdi  viuch  is  rqported  in  the 
preoeding  chapters  was  to  pr^)are  a  new  solid  acid  with  stable 
tetrahedral  aluminum  sites.  Using  aluminum  chloride  as  the 
precursor  this  objective  was  achieved,  a  new  solid  acid  was 
pr^)ared  and  employed  as  a  catalyst  for  various  acid  catalyzed 
reactic»TS.  Ihe  characterization  of  the  catalyst  by  IR 
spectroscopy  demonstrated  that  there  were  both  Bronsted  and  Lewis 
acid  sites  present  on  the  catalyst  surface.  In  addition  to  the 
detection  of  acid  sites  by  IR  spectrosccpy  the  relative  strength 
of  the  Lefwis  acid  sites  present  on  the  catalyst  were  determined. 
Frcm  the  results  of  the  IR  investigation  it  could  be  concluded 
that  the  catalysts  pr^aared  by  the  reaction  of  silica  gel,  a  hi^ 
silica  zeolite,  alumina  or  boron  oxide  with  aluminum  chloride  in 
carbcxi  tetrachloride  contained  the  strongest  acid  Lewis  acid 
sites.  Ihe  strengths  of  the  Lewis  acid  sites  on  these  catalysts 
were  corparable  to  the  strengths  of  the  Lewis  acid  sites  on 
ccmmercial  cracking  catalysts.  If  other  solvents  or  inorganic 
oxides  were  used  the  catalyst  c*)tained  had  a  lower  Lewis  acidity. 
The  characterization  of  the  catalysts  by  27^1  and  ^^si  solid-state 
MAS  NMR  spectrosccpy  demonstrated  that  the  catalysts  prepared  by 
the  reacticxi  of  alximinum  chloride  and  an  inorganic  oxide  in  cx:i4 
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cxMitained  tetrahedral  chloroaluitiinum  species  that  are  stable  under 
catcilytic  cracking  reaction  conditicsTS. 

Ihe  reactions  involving  the  cracking  of  the  hydrocartxDns 
demcnstrated  the  catalytic  activity  of  the  new  solid  acid 
catalysts.  Fran  the  cracking  reactions  it  could  be  concluded  that 
the  50  wt%  catalyst  pr^>ared  on  silica  gel  (340  m^/gram  surface 
area)  and  a  hi^  silica  zeolite  were  the  most  active.  Trends  in 
the  cracJcing  activity  of  the  catalysts  paralleled  the  order  of 
Lewis  acid  site  strength  as  detennined  by  the  infrared  studies. 
It  was  cilso  determined  that  in  order  for  long  term  activity  to 
occur  a  chlorine  source  was  needed.  Ihe  formation  of  coke  was 
detected  during  the  cracking  reactions  and  was  the  primary  cause 
of  catalyst  deactivation.  The  addition  of  a  ncble  metal  to  the 
solid  acid  catalyst  increased  the  activity  of  the  catalysts  and 
increased  the  catalyst  lifetime  by  reducing  the  formation  of  coke. 

Other  reactions  studied  involving  hydrocarbons  were 
polymerizations  and  the  activation  of  methane.  Results  from  the 
polymerization  reactions  indicated  that  the  catalyst  was  a 
cat  ionic  polymerization  initiator.  Frcm  the  results  of  the 
activation  of  methane  by  the  solid  acid  catalyst  it  could  be 
ccaicluded  that  the  solid  acid  is  not  strong  enou^  to  activate 
methane  directly.  Methane  activation  could  occur  frcsn  the 
reactioi  of  methane  with  primary  carbonium  ions  generated  during 
the  cracking  of  hi^er  chain  hydrocarbons.  Since  the  formation  of 
primary  carbonium  ions  is  unfavorable  the  activation  of  methane  by 
this  method  is  only  minor. 
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In  additiai  to  cracking,  the  dehydrochlorination  and 
hydrodechlorination  of  various  polychlorinated  hydrocartxDns  was 
studied.  The  heterogenecus  hydrodechlorinaticMi  of  carton 
tetrachloride  by  metal-dcped  solid  acid  catalysts  indicated  that 
the  selcetive  conversion  of  carfx»n  tetrachloride  to  chloroform  was 
feasible.  Hi^  conversions  could  be  obtained  for  the  conversion 
of  carbcai  tetrachloride  to  hydrocarbon  products.  The  selective 
conversicai  to  chloroform  could  caily  be  ciatained  in  the  presence  of 
a  hydrocarbon.  Premising  results  were  c^tained  fron  the  reactions 
involving  the  dehydrochlorination  of  1,2-dichloroethane.  The  most 
selective  catalyst  was  a  RuCl3-dcped  solid  acid  catalyst  prepared 
OTi  silica  gel.  A  selectivity  of  85%  to  vinyl  chloride  could  be 
cbtained  at  a  reaction  teitperature  of  200  °C.  Ihe  results  from  the 
dehydrochlorination  reactions  suggest  that  further  work  in  this 
area  may  lead  to  a  catalytic  process  for  the  conversion  of  1,2- 
dichloroethane  to  vinyl  chloride.  Currently  there  is  no 
ocminercial  catalytic  process  for  the  conversion  of  1,2- 
dichloroethane  to  vinyl  chloride. 

Work  in  the  area  of  the  hcmogeneous  hydrodechlorination  of 
carbon  tetrachloride  is  only  preliminary  but  suggests  a  promising 
alternative  for  the  selective  conversion  of  carbon  tetrachloride 
to  chloroform. 

The  research  resorted  in  this  dissertation  has  opened  new 
avenues  of  c^proach  to  old  reactions.  Several  reactions  vtiich 
should  be  studied  in  more  detail  include  the  conversion  of  1,2- 
dichloroethane  to  vinyl  chloride,  dehydraticai,  alkylation  and 
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acylaticn  reactiOTis.   A  strong  sv;5ported  Lewis  acid,  with 
discrete  acid  sites  has  the  potential  for  the  catalysis  of  many 
acid  catalyzed  reactions  and  warrents  further  investigation. 
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